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FOREWARD

The United Nations declared 1998 to be the International Y ear of the Ocean. This
declaration provides an opportunity to raise public awareness of a fundamental boundary
defined by the intersection of the ocean with the land. This intersection is not as ssmple as
it may seem. It isdetermined by aplane called atidal datum, and refersto an average height
of the water level at particular phases of the tidal cycle. This vertical reference surface is
derived from water level measurements recorded along coastlines, estuaries, and tidal rivers
of the United States. Tidal datum planes, referenced to a system of bench marks, are
fundamental to the determination of the spatial coordinates of latitude, longitude, and
elevation relative to mean sealevel.

Tidal datums are chiefly used to determine horizontal boundaries, and for estimating
heights or depths. The legal determinations of private and public lands, state owned tide
lands, state submerged lands, U.S. Navigablewaters, U.S. Territorial Sea, ContiguousZone,
and Exclusive Economic Zone, and the High Seas, or international waters, depend on the
determination of tidal datums and their surveyed intersection with the coast. Navigationin
U.S. Harbors, shipping channels, and intracoastal waterwaysrequiresan accurateknowledge
of the depth of the ocean and submerged hazards at the low-water phase of the tidal cycle.
Passage underneath bridges requires knowledge of the clearance at the high water phase of
thetide. In addition, coastal construction and engineering requires knowledge of thetidal
cycle; significant wave heights, periods, and directions; the heights of storm surges, or
tsunami waves; and, the frequency and horizontal extent of flooding in the coastal zone.
Organizing theseenvironmental datainto meaningful, decision-making contextsrequiresthe
establishment of tidal datums, and their reference to the geodetic control network.

Other countriespublishtidal datumsthat may differ significantly fromthoseof theU.S.
Infact, there are hundreds of local datums used throughout theworld. Thishasledto efforts
to defineaglobal vertical datum. The ellipsoid serves as a suitable candidate because of its
horizontal and vertical accuracy, itsrelative ease of calculation, and its global accessibility
via GPS. A set of vertical transformation functions are required to trandlate the vertical
coordinate provided by GPSinto acoordinatereferenced to atidal datum plane. Preliminary
research suggests promising results in the construction of a seamless vertical reference
system.

This document has been prepared by NOAA’s Center for Operational Oceanographic
Productsand ServicesDivisionto provide background information about tidal datum planes.
The chapters present overviews of the history of tidal datums in the U.S., domestic and
international legal regimes, water level measurement system and bench marks, derived
productsavailablefrom NOAA, and examples of the practical and legal applicationsof tidal
datums.
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1. INTRODUCTION
Purposes of Water Level Observations

Water level measurementsare made by the National Oceanic and Atmospheric Administration
(NOAA) National Ocean Service's (NOS) Center for Operational Oceanographic Products and
Services (CO-OPS) to serve the needs of the mariner, the engineer, the scientist, and the general
public. Thiswork began with the charting of coastal waters and the need to establish a uniform
level, or datum plane, to which observed water depths could be referred, the soundings being taken
at different water level stages or phases during hydrographic surveys. In addition to satisfying the
charting requirements of NOS, water level measurements are made for the following purposes. The
list is meant to be illustrative, not exhaustive. Some examplesinclude:

# Read-time depth of water available in harbors, estuaries, and lakes. The mariner uses real-time
water levels to estimate draft under keel whilein transit.

Determination mean sealevel and other tidal datumsfor surveying and engineering purposesand
to establish asystem of tidal bench marksto which these datums can bereferred, maintained, and
recovered.

Datum control of remote sensing (i.e. photogrammetry) surveys.

Representation of the shoreline, defined as Mean High Water (MHW), on nautical charts.
Datum control for dredging projects and coastal engineering projects.

Data for production of tide and tidal current predictions.

Investigation of variations of sealevel and crustal movements of the earth.

Information for special estuarine studies and numerical hydrodynamic models.

Information for legal cases regarding marine boundaries — Private, State, Federal, and
International .

Data and datum reference for storm surge monitoring.

Monitoring and datum reference for coastal wetland loss and restoration programs.

#*
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Tidal datums derived from water level measurements provide the salient points for baseline
determinations of the offshore boundaries of State submerged lands at 3 nautical miles (nm) from
Mean Low Water (MLW), the Territorial Seaand Contiguous Zone at 12 nm from Mean lower Low
Water (MLLW)(the Territorial Sea and Contiguous Zone are coterminous in the U.S., but not
necessarily so for other countries), and the Exclusive Economic Zone (EEZ), at 200 nm from
MLLW. Beyond the EEZ liesinternational waters, often called the High Seas. (NOAA Manual of
Tide Observations, 1965; Shalowitz, 1962; Sade et al., 1997; U.S. Dept. Of Sate Dispatch
Supplement, 1995).

The most common boundaries are those defined by geological formations; including such
featuresasmountainridges, cliffs, rivers, and ocean shores. Geol ogical featureshavetheadvantages
of being easily recognizable by all parties concerned and arerelatively permanent (Hicks, 1980). In
recent times, series of artificial markers, parallels of latitude, meridians of longitude, and other lines
recoverabl e by surveying techniques have been added covering the seas. However, these seemingly
abstract offshore boundaries have their origins in the most logical of boundaries. the intersection
of land and ocean.



Since the oceans (and continents) move up and down in both periodic and non-periodic
motions, thelocation of theland-water intersection line movesup-the-shore-landward and down-the-
shore-seaward as afunction of time. If thisintersection isto be used as a boundary (or the source
of aboundary), it must be mathematically “fixed.” The up-down motion of the water surface must
also be mathematically fixed to obtain areference for depths and depth contours on nautical charts
and bathymetric maps; and, finally, a reference is needed for elevations of the predicted tide. A
mathematically fixed elevation of the ocean surface at aparticular phase of thetidal cycleisknown
asatidal datum. It isdetermined by officialy adopted definitions and procedures of the National
Ocean Service (Hicks, 1980; Federal Register, 1980), and isrecognized by the Department of State's
Inter-Agency Task Force on the Law of the Sea (sometimes called the Baselines Committee).

For marineapplications, avertical datumisdefined asabase elevation used asareferencefrom
which to determine relative heights or depths. It iscalled atidal datum when defined by a certain
phase of thetide. Tidal datumsareloca datumsand should not be extended into areas which have
differing hydrographic characteristics without substantiating measurements (Marmer, 1951). In
order that they may be recovered when needed and be linked to land-fixed horizontal and vertical
control points (e.g., geodetic datums), such datums are referenced to fixed points known as bench
marks. The horizontal location of where atidal datum intersectsthe land, at the exact elevation of
the tidal datum, isusually called a“mark” or “line.” For example, the horizontal location of the
intersection of the tidal datum, MLLW, with land is called the Mean Lower Low Water Line,
MLLWL. Inlega terminology, this is sometimes called the “ordinary low water mark.” Legal
terminology is context specific and needsto be carefully understood before assigning it the val ue of
aparticular tidal datum. Indeed, different legal authorities, agencies, and international agreements
have different terminol ogy and methodol ogies associated with tidal datums. One of thegoalsof this
report is to present the standard definitions of tidal datums adopted by NOS.

Report Purpose and Organization

Thepurpose of thisreport isto provideageneral reference onthe subject of tidal datums. This
report explains, in brief, many topics — including the history of the NOS tides and water levels
program, thedomestic and international legal significance of the marine boundariesdefined by tidal
datums, the modern measurement program designed to support NOS' s statutory authority, and the
NOS products produced from the water level data. It also provides a discussion of the applications
of tidal datumes.

Chapter 2 discusses the general characteristics of the tides used in the determination of tidal
datums. Chapter 3 discusses the history of the U.S. tidal program and the legal history and
significance of tidal datums, respectively. Chapter 4 concerns a discussion of the National Water
Level Program (NWLP), while Chapter 5 discusses the standard NOS analysis methods utilized to
determinetidal datums. The output products produced from the NWLP are discussed in Chapter 6,
and the applications of tidal datumsare covered in Chapter 7. References, and Appendicesfollow.
Thepublication endswith aglossary of termsappropriatefor tidal datums. Thiscompanion glossary
is an abridged edition of Hicks (1989). The full glossary is available on the internet at http://co-
0pS.N0S.N0aa.gov.




2. TIDAL OVERVIEW
Characteristics of the Tides

Theword “tides’ isageneric term used to definethe aternating riseand fall of the oceanswith
respect to theland, produced by the gravitational attraction of the moon and sun. Toamuch smaller
extent, tides also occur in large lakes, the atmosphere, and within the solid crust of the earth, also
caused by the gravitational forces of the moon and sun. Additional non-astronomical factors such
as configuration of the coastline, local depth of the water, ocean-floor topography, and other
hydrographic and meteorological influences may play animportant rolein altering therange of tide,
thetimes of arrival of thetides, and thetime interval between high and low water. There arethree
basic types of tides: semidiurnal (semi-daily), mixed, and diurnal (daily).

Thefirst type, semidiurnal (Figure 1, top), hastwo high waters (high tides) and two low waters
(low tides) each tidal day. A tidal day isthetime of rotation of the Earth with respect to the Moon,
and its mean value is approximately equal to 24.84 hours. In Figure 2, semidiurnal tides are
illustrated by the marigrams at Boston, New Y ork, Hampton Roads, and Savannah. Qualitatively,
the two high watersfor each tidal day must be amost equal in height. The two low waters of each
tidal day also must be approximately equal in height. The second type, mixed (Figure 1, middle),
issimilar to the semidiurnal except that the two high waters and the two low waters of each tidal day
have marked differencesin their heights. When there are differencesin the heights of the two high
waters, they are designated as higher high water and lower high water; when there are differences
in the heights of the two lows, they are designated as higher low water and lower low water. In
Figures 2 and 3, mixed-type tides are illustrated by the marigrams at Key West, San Francisco,
Sedttle, Ketchican, and Dutch Harbor. Thethirdtype, diurna (Figure 1, bottom), hasone high water
and one low water each tidal day. In Figure 2, the marigram at Pensacolaillustrates adiurnal tide.

The most important modul ations of the tides are those associated with the phases of the moon
relative to the sun (Figure 4). Spring tides are tides occurring at the time of the new and full moon.
These arethetides of the greatest amplitude, meaning the highest and lowest waters are recorded at
these times. Neap tides are tides occurring approximately midway between the time of new and full
moon. The neap tidal range is usually 10 to 30 percent less than the mean tidal range. In addition
to spring and neap tides, there are lesser, but significant monthly modulations due to the elliptical
orbit of the moon about the earth (perigee and apogee) and yearly modulations due to the elliptical
orbit the earth about the sun (perihelion and aphelion). Modulationsin mixed and diurnal tides are
especially sensitive to the monthly north and south declinations of the moon relative to the earth’s
equator (tropic tides and equatorial tides) and to the yearly north and south declinations of the
sun(equinoxes and solstices).

Thereisanother important longer period modulation in the amplitude of thetide dueto orbital
paths of the earth and moon. The apparent path of the Earth about the Sun, as seen from the Sun,
iscalled theecliptic. Thispath may be represented on aglobe of the Earth by drawing agreat circle
about the Earth which makes an angle of 23° 27" relativeto the Earth’ sequator (Figure5). Likewise,
the apparent path of the moon about the sun may be referenced to the ecliptic, such that the moon’s
path about the sun makes an angle of 5° with respect to the ecliptic. When the moon’s ascending
node corresponds to the vernal (i.e., spring) equinox (the equinoxes are the two times of the year,
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March 21 and September 23, when the sun crosses the earth’ s equator, and day and night have the
same length), the angle of the path of the moon about the sun is about 28.5° (Schureman, 1941).
When the moon’ s descending node corresponds to the vernal equinox, the angle of the moon’s path
about the sun is about 18.5° . Thisvariation in the path of the moon about the sun has a period of
about 18.6 years, and is called the regression of the moon’s nodes. The regression of the nodes
introduces an important variation into the amplitude of the annual mean range of thetide, asmay be
seen in Figure 6. It isthe regression of the moon’s nodes which forms the basis of the definition
of theNational Tidal Datum Epoch (NTDE) (see Chapter 6). Figure 6 also showsthe monthly mean
range which is due to seasonal and meteorological effects. Because the variability of the monthly
mean rangeislarger than that dueto the regression of the nodes, the NTDE isdefined asan even 19-
year period to obtain closure on a calendar year so as not to bias the estimate of the tidal datum.

Although the astronomical influences of the moon and sun upon the earth would seemtoimply
auniformity in thetide, thetype of tide can vary both with time at asinglelocation (Figures 2 and 3)
and in distance along the coast (Figure 7). Thetransition from onetypeto another isusually gradual
either temporally or spatially, resulting in hybrid or transition tides. A good example in Figure 2
isGalvestonwhichtransitionsfromdiurnal to semidiurnal tomixed. Key West (Figure2) transitions
from mixed to semidiurnal to mixed. Dutch Harbor (Figure 3) shows similar transitions. Figure 7
shows the gradual spatial transitions from mixed to diurnal to mixed and back to diurnal.

Photocopies of the NOAA pamphlet Our Restless Tides presents a layman’s overview of tide
producing forces and tidal observations and is available from CO-OPS.



DISTRIBUTION OF TIDAL PHASE
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Figure 1. A depiction of the three primary kinds of tides. From the top panel downward they
are semidiurnal, mixed, and diurnal. Standard tidal terminology is used to describe the various
aspects of thetides. The zero on these graphs isillustrative of the relationship of the tides to
Mean SeaLevel (MSL).



TYPICAL TIDE CURVE FOR UNITED STATES PORTS
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Figure2. Characteristictide curves near port facilitiesalong the U.S. East and Gulf Coasts. The
tides depicted are primarily semidiurnal along the East Coast. The tides at Pensacola are
primarily diurnal. The effects of the phases of the moon are alsoillustrated. The elevationsin
feet of the tide are referenced to the tidal datum mean lower low water.



TYPICAL CURVES FOR UNITED STATES PORTS
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Figure 3. Characteristictide curvesfor the West Coast. Thetides depicted are primarily mixed.
Thetidal range at Anchorageisrelatively large. The effects of the phases of the moon are al'so
illustrated. The elevationsin feet of the tide are referenced to the tidal datum, mean lower low
water.



The Phase Inequality; Spring and Neap tides

The gravitational attraction (and resultant tidal force envelopes) produced

by the moon and sun reinforce each other at times of new and full moon to

increase the range of the tides, and counteract each other at first and third
First Quarter quarters to reduce the tidal range.

Quadrature

_Spring _Spring To SuE
Full Moon D Tides Tides New Moon >

Syzygy
Neap
Tides
O Looking down on the north pole of the earth’s figure (central
Third Quarter solid circle). The two solid ellipses represent the tidal force en-

velopes produced by the moon in the positions of syzygy (new
or full moon) and quadrature (first or third quarter), respectively;
the dashed ellipse shows the smaller tidal force envelope pro-
duced by the sun.

Figure4. Anillustration of solar and lunar tide producing forces. Thelargest tides, springtides, are
produced at new and full moon. The smallest tides, neap tides, occur during the first and third
guarters of the moon.
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Motion of the moon’s nodes. The points where the moon’s path crosses the
ecliptic are called nodes; the point where the moon crosses the ecliptic from south
to north at G is called the ascending node, while / is called the descending node.
The moon’s orbit from the ascending node G to the next ascending node K takes
27.2122 mean solar days (the Draconitic Period). Measured relative to afixed star
the moon takes 27.3216 mean solar daysto completeits orbit (the Sidereal Period).
The movement of the nodes westwards along the ecliptic is called the regression of
the nodes; it is analogous to the precession of the equinoxes along the equator but
is much faster, having a period of 18.61 years. This is equivalent to 27.3216-
27.2122=0.1094 days per orbit; in the diagram it is represented by the distance KG.

Figure5. A diagram illustrating the regression of the moon’s nodes.



VARIATIONS IN MEAN RANGE OF TIDE AT SEATTLE, WA
1900 - 1996
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Figure6. Anillustration of the effect of the regression of the moon’s nodes on the water levels
at Puget Sound, WA. The heavy black curveisthe annual mean range, or the differencein height
between mean high water and mean low water. The time elapsed between trough to trough, or
peak to peak, isthe period of oscillation of the regression, and is about 18.6 years.

Tidal Analysis and Predictions

Theroutine prediction of tidesis based upon asimple principlethat for alinear system whose
forcing can be decomposed into a sum of harmonic terms of known frequency (or period), the
response can also be represented by a sum of harmonics having the same frequencies (or periods)
but with different amplitudesand phasesfromtheforcing. Thetidesare basically such asystem (e.g.,
Schureman, 1941), due to their astronomical cyclesimposed by the motions of the earth, sun, and
moon. However, the system isnot truly linear, and, in making tidal predictions, sums, differences,
and harmonics of forcing frequencies are considered to approximately incorporate nonlinear effects
(e.g., Schureman, 1941). For the open coastal regions, thetidal prediction capability requires only
prior observations of the tides at the location of interest over a suitable period of time from which
the amplitudes and phases of the major harmonic constituents can be ascertained by tidal analysis.
For tide prediction reference stations, NOS general ly uses aminimum oneyear of hourly water level
observations to compute the semi-diurnal and diurnal tidal frequencies and a separate analysis of
several years of monthly mean sealevelsto compute the solar annual and solar semiannual, S, and
S,, terms. Resolving S, and S, may require on the order of 10 years of water level data (Scherer,
1990). Typically, NOS uses up to 37 amplitudes and phases for important periods (period=
1/frequency) required to reconstitute atidal signal.
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Figure 7. Anillustration of the spatial variability of the type of tide in the Gulf of Mexico.
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Harmonic Constituents

The component tidesare usually referred to as harmonic constituents. The principal harmonic
constituents of thetide (e.g., Schureman, 1941) areillustrated in Table 1.

Table 1. Principle harmonic constituents of thetides.

Species and name Symbol Period Relative Size
Solar hours

Semi-diurnal:

Principal lunar M, 12.42 100

Principal solar S, 12.00 47

Larger lunar elliptic N, 12.66 19

Luni-solar semi-diurnal K, 11.97 13

Diurnal:

Luni-solar diurnal K, 23.93 58

Principle lunar diurnal 0, 25.82 42

Principle solar diurnal P, 24.07 19

Larger lunar eliptic Q; 26.87 8

Long period:

Lunar fortnightly M; 327.9 17

Lunar monthly M., 661.3 9

Solar semi-annual 4383 8

Solar annual S, 8766 1

The*“relativesize” column in Table 1 represents values from equilibrium theory presented by
Schureman (1941) in his Table 2, expressed as a percent of M ,. Equilibrium theory assumes that
the earth istotally water covered and does not consider frictional effects on tidal water motions. It
isasimplified method to describe mass tidal characteristics. In addition, Schureman’s Table 14
presentsinformation onthe effect of thelongitude of themoon’ snode. His Table 14 showsthat each
of the above coefficientsare gradually modul ated over an 18.6 year cycle, and providesacoefficient
whichisafunction of the year and multiplies the above coefficientsto account for the regression of
thenodes. Theuse of the constituents (M, S, N, K) ,, (K,O,P),, qualitatively illustrated in Figure 8,
will generally be sufficient to predict the astronomical tide signal to about 90% at tide stations
exposed to open ocean conditions. Thedifferencebetweentheastronomical tidesignal andthewater
level measurements is generally attributable to the effects of local meteorological conditions.
However, at different | ocationsdifferent constituentsdominate, each siteisdifferent, andtherelative
size values from Table 1 above should not be used indiscriminately.
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TIDAL PREDICTIONS

M, Semidiurnal Constituents

Figure 8. An illustration of the principle harmonic constituents of the tides. The periods and
relative sizes of the constituents from Table 1 are suggested. The bottom panel qualitatively
illustrates the result of summing the constituents to reconstruct the astronomical tidal component

of water level measurements.
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Other Signals in Water Level Measurements

Tides are not the only factor causing the sea surface height to change. Additional factors
include waves and wind setup; ocean and river currents; ocean eddies; temperature and salinity of
the ocean water; wind; barometric pressure; seiches; and relative sea level change. All of these
factors are location dependent, and contribute various amounts to the height of the sea surface.
Examplesare: wind setup and seiche - up to about 1 meter (~3.2 feet); ocean eddies - up to about 25
centimeters (~0.8 foot); upper ocean water temperature - up to about 35 centimeters (~1.1 foot);
ocean currentsor ocean circulation - about 1 meter; and global sealevel rise (about 0.3 meter (1 foot)
per century).

Oceanographers, when determiningtidal datums, use averaging techniquesover aspecifictime
period, thetidal epoch of 19 years. Asmentioned, 19 yearsisused becauseit isthe closest full year
to the 18.6-year node cycle, the period required for the regression of the moon’s nodes to complete
acircuit of 360° of longitude (Schureman, 1941). Referring to Figure 1, the average of al the
observed higher high waters over a specific 19 year period (i.e., a NDTE) is defined as the tidal
datum mean higher high water(MHHW). As suggested in Figure 1, MHHW will have a specific
height, which is not necessarily equal to any higher high water observed during a given tidal day.
The averaging technique defines a reference plane from which al the fluctuations in the sea level
discussed here, except for global sealevel change, have been removed. Thus, the policy of NOS
isto consider anew tidal datum epoch every 20 to 25 yearsto appropriately update the tidal datums
to account for the global sealevel change and long-term vertical adjustment of the local landmass
(e.g., due to subsidence or glacia rebound).
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3. TIDAL DATUMS
A. Chronology from the 1800s to the Present

The NOS has had many namesin the past. The organization wasknown as. The Survey of the
Coast from its founding in 1807 to 1836, Coast Survey from 1836 to 1878, Coast and Geodetic
Survey (USC& GS) from 1878 to 1970, National Ocean Survey from 1970 to 1982, and in 1982, it
was named National Ocean Service. From 1965 to 1970, the Coast and Geodetic Survey was a
component of the Environmental Science ServicesAdministration (ESSA). TheNOSisacomponent
of the NOAA which becamethe successor to ESSA in 1970. The NOAA isacomponent of theU.S.
Department of Commerce. See Appendix A, Table Al for adetailed chronology of the significant
events in the development of the products and instrumentation related to the analysis of tides and
tidal datums by the NOS.

B. Legal History of Tidal Datums

Congresshasconferred statutory responsibility to NOS. Congresslegislated thetask to survey
the coast of the U.S. to predecessor agencies of NOS with subsequent |egislation defining missions
and responsibilities.

Other Federal agencies, such as the Department of Energy (DOE), the Environmental
Protection Agency (EPA), the U.S. Army Corps of Engineers (USACE), the Department of the
Interior’ s Minerals Management Service (MM S) and the Geological Survey (USGS), and NOAA’s
National Weather Service (NWS), recognizeNOS' expertisein thecomputation of tidal datumsand
currently have or have had cooperative agreementswith NOSto providetidal datums. USACE and
USGS also operate extensive water level observation networks, however, these agencies rely on
NOS' expertiseintidal areas.

The pertinent legislation and statutory authority of NOS have evolved under these following
key federal statutes in determining the federal role in regulatory, jurisdiction, and management
functionsin the coastal zone (U.S. Department of Commerce Year of the Ocean Discussion Papers,
1998). The Supreme Court ruleson admiralty law casesin Territorial Seas, and also providesrulings
on riparian rights, navigability, and the public trust doctrine. The Supreme Court has clarified legal
terminology such as ordinary mean high water to have aprecise scientific definition asatidal datum
(Sadeet al., 1997). In addition, key federal authorities, treaties, and international agreements are
summarized below (Shalowitz, 1962, Graber, 1981; U.S Department of State Dispatch Supplement,
1995; Sade et al., 1997; U.S Department of Commerce Year of the Ocean Discussion Papers,
1998).

C. Congressional Acts
Laws Relating to NOS Organic Authority

Thefollowingisabrief listing of lawswhich relate to NOS organic authority to measure tidal
datums. Thelist is selective and is not intended to be comprehensive.
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# TheOrganic Act of Feb. 10, 1807 (2 Stat, 413)

This act covered the founding of the Survey of the Coasts, in order “to cause a survey to be
taken of the coast . . . for completing an accurate chart of every part of the coasts.”

# Appropriations Act of 1841

This act included a* hydrographical survey of the northern and northwestern lakes. . . . ,” now
known as the Great Lakes.

# Coast and Geodetic Survey Act, asamended, 33 U.S.C. 88 883 a-k

NOS s statutorily authorized, among other things, to collect, analyze and disseminate data on
tides and water levels pursuant to 33 U.S.C. This act established the following NOS statutory
authority :

33 U.S.C. 883a - Authorizes NOS to conduct hydrographic surveys; tide and current
observations; and geomagnetic, seismological, gravity, and related geophysical measurements and
investigations, and observations for the determination of latitude and longitude.

33 U.S.C. 883b - Inorder that full public benefit may be derived from the operations of NOS
by the dissemination of data resulting from its authorized activities and of related data from other
sources, Section 883b authorizesNOS to analyze and predict tide and current data; and process and
publish data, information, compilations, and reports.

33USC 883d - AuthorizesNOSto conduct investigationsand researchin geophysical sciences,
including oceanography, geodesy, seismol ogy, and geomagnetism, toimprovetheefficiency of NOS
and to increase engineering and scientific knowledge.

33 U.S.C. 883e - Authorizes NOS to enter into agreements with states for surveying and
mapping.

# Under the Submerged LandsAct of 1953 (43 U.S.C. 881301 et seq.)

Establishes title of the states to land beneath navigable waters up to but not above the line of
Mean High Water and a distance seaward from the coast line of three nautical miles.

# Outer Continental Shelf Lands Act of 1953 (43 U.S.C. 88 1331 et seq.)

To providefor the jurisdiction of the U.S. over submerged lands of the outer continental shelf.
Thisact providesthat the Secretary of the Interior shall administer theleases of mineral rightsonthe
outer continental shelf.

# Actof April 5, 1960 (74 Stat. 16)

AmendsAct of August 6, 1947 to remove geographical limitations on the activities of the Coast
and Geodetic Survey, the predecessor organization to NOS.
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# Public Law 105-384 November 13, 1998 (112 Stat. 3451)

Title 111 - NOAA Hydrographic Services Improvement Act of 1998 most recently addresses
NOAA'’srolein acquiring tide and current observations in the context of providing hydrographic
services to the nation and specifically authorizes appropriations:. “is authorized for each fiscal year
to implement and operate a national quality control system for real-time tide and current and
maintain the national tide network, and . . . isauthorized for each fiscal year to design and install
real-time tide and current data measurement systems under Section 303(b)(4).”

Laws Relating to Present Regulatory Context

Thefollowinglawsareimportant in the present regul atory context in whichtidal datumscontrol
the jurisdiction of the act. Thelist isnot intended to be comprehensive.

# Riversand HarborsAct of 1899 (33 U.S.C. 88 401 et seq.)

In the navigable waters of the U.S., coastal construction, excavation, and filling must be
proceeded by apermit from the U.S. Army Corps of Engineers. The act a so prohibitsthe dumping
of garbage and other substances into navigable waters.

# Bridgesover Navigable Waters (33 U.S.C. 88 491 - 535)

Bridges, dams, dikes or other forms of coastal construction are not allowed to interfere with
navigable waters, except by permission from the Commandant of the Coast Guard.

# Suitsin Admiralty Act of 1920 (46 U.S.C. §88741-752)

Under thisact, the maritime public can sue the government for damagesif negligence occurred
during the preparation of charts and tables.

# National Environmental Policy Act of 1969 (NEPA)

Thisact isadministered by the Environmental Protection Agency (EPA). Thisstatute requires
an environmental impact statement to be devel oped for “major Federal actionssignificantly affecting
the quality of the human environment.” The statements areto cover “(i) the environmental impact
of the proposed action, (ii) any adverse environmental effects which cannot be avoided should the
proposal be implemented, and (iii) alternatives to the proposed action . . .”

# Portsand Waterways Safety Act of 1972, asamended, (33 U.S.C. 8§88 1221-1236)

Thisact grantsthe Coast Guard regulatory authority over the movements of shipsin hazardous
areas or with hazardous cargoes, or in caseswhere adverse weather, poor visibility, and heavy vessel
traffic affect the safety of operations. It also directs the Secretary of Transportation regulatory
authority over ship design and maintenance for the purpose of protecting the marine environment.

# Federal Water Pollution Control Act Amendments of 1972 (33 U.S.C. 88 1251 et seq.)

This act authorized the USACE to control the discharge of dredged materias in the coastal
ocean. It prohibitsthe discharge of pollutants in either onshore or offshore vessels or facilities. It
appliesto the territorial sea and contiguous zone.
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# MarineProtection, Research and Sanctuaries Act of 1972, asamended, (16 U.S.C. §8 1447 a-f )

This act requires that a permit be issued prior to the dumping of any material in the territorial
sea or contiguous zone. Depending upon the type of material, permits are either obtained from the
Secretary of the Army or the Environmental Protection Agency.

# Coastal Zone Management Act of 1972 (16 U.S.C. 88 1451 et seq.)

Under this act, states are given an incentive to develop Coastal Zone Management Programs.
The Office of Coastal Zone Management within NOAA administers the act. The act requires that
policy be established on energy facilities, shoreline erosion, and beach access. In addition, the act
specifiesthat states must catal og the coastal zonesto be managed under the act, inventory the natural
resources in these areas, and designate priorities for land and water use, and it places control on
water use.

# Deepwater Port Act of 1974 (33 U.S.C. 88 1501 et seg.)

A deepwater port is defined as “any fixed or floating manmade structures other than a
vessel...|located beyond theterritorial seaof theU.S. and off the coast of the United Statesand which
are used or intended for use as a port or terminal for loading or unloading and further handling of
oil for transportation to any State...” The act prohibits the discharge of oil from avessel within a
safety zone established around a deepwater port, from a vessel that has received oil from another
vessel at adeepwater port, or from adeepwater port. It imposespenaltiesandliability for violations.

# Magnuson-Stevens Fisheries Conservation and Management Act of 1976 (16 U.S.C. 88
1801-1883)

Establishes a fisheries conservation zone (200 nautical miles) within which the United States
assumes exclusive fisheries management authority. Measured from the low water line on largest
scale chart. The law provides that fishing by a non-US vessel will not be authorized within the
fishery conservation zone or for anadromous species or continental shelf fishery resources beyond
that zone except under international fishery agreements and permits.

# National Marine Sanctuaries Act (16 U.S.C. 881431 et seq.)

The Act establishesthat the Secretary of Commerce may designate nationally significant areas
as national marine sanctuaries. The national areas are selected on the basis of protection of national
marine resources and habitats, scientific research and education of the public, tourism, and
commercia and recreational fishing.
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D. Supreme Court Decisions

The Supreme Court has shaped the legal context of the marine environment by its many
decisions on navigable waters, marine boundaries, and the public trust doctrine. One of the most
important decisions occurred in the 1936 case of Borax, Ltd v. City of Los Angeles (Sade et al.,
1997). Inthis case, the Supreme Court recognized the importance of the averaging of all the high
tides during the 19-year tidal datum epoch when determining the mean high tide line. Hence, the
primary or first reduction datums computed by NOS must be computed for a specific 19-year lunar
epoch. Similarly, theother principal tidal datumsdescribed later in thisreport must all be cal culated
over the specific tidal epoch.

E. National Agreement
National Tidal Datum Convention of 1980

The National Tidal Datum Convention of 1980 (Federal Register, 1980; Hicks, 1980), among
other things, established a uniform system of tidal datums for all tidal waters in the U.S,, its
territories and trusts; and authorized the NOS definitions of mean high water, mean higher high
water, mean low water, and mean lower low water as the official policy of the U.S. Government.

F. International Agreements
Boundary Waters Treaty of 1909

This act established the International Joint Commission (1JC) to manage and control the Great
Lakes.

Convention on the Continental Shelf

In this convention, the phrase “continental shelf” is defined as “the seabed and subsoil of the
submarine areas adjacent to the coast but outside the area of the territorial sea, to a depth of 200m,
or, beyond that limit, to where the depth of the superjacent waters admits of the exploitation of the
natural resources of the said areas, to the seabed and subsoil of similar submarine areas adjacent to
the coasts of islands.”

The convention gives the coastal nation exclusive sovereign rights over the continental shelf,
subject to certain provisions to protect navigation, fishing and the conservation of living resources
of the sea, “for the purpose of exploring it and exploiting its natural resources.”

Convention on the Territorial Sea and the Contiguous Zone

This convention was adopted by the United Nations conference at Geneva 1958, establishing
the sovereignty of the state beyond its land territory and internal waters “the normal baseline for
measuring the breadth of the territorial seaisthe low water line.” Thelow water line according to
U.S. policy isequivalent to theintersection of thetidal datum mean low water (MLW) with the coast
(U.S. Department of State Dispatch, 1995). However, the Department of State’s term “mean low
water” refersto the NOS term Mean Lower Low Water. These conventions which are a part of the
larger United Nations Law of the Sea Convention (U.S. Department of State Dispatch, 1995), will
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increasingly be relied upon as a legal framework for international treaties which concern
sovereignty, rights of passage and anchorage, seabed mining and exploration, fisheries management
and conservation, and scientific research and exploration.
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4. THE NATIONAL WATER LEVEL PROGRAM STANDARDS AND PROCEDURES
A. Water Level Stations

The NWLP provides unique water level and ancillary data sets and information to usersin
support of awide variety of critical activities. A priority of the NWLP isto provide the basic data
for thevertical, tidal datum control for the nation. Theinstrumentation of the NWLP consistsof tide
stations in a network called the National Water Level Observation Network (NWLON) and any
short-term stationsoperating for specia projects such ashydrographic surveys, photogrammetry, and
USACE dredging activities. The NWLON is composed (as of 2000) of approximately 189 long-
term stations distributed around the country and the world. Due to resource constraints and storm
damage, not all stations are always operational. Alaskahas 16 stations; Hawaii and Pacific Islands
have 12 stations; the West Coast has 26 stations, the Gulf Coast and Caribbean have 31 stations; the
East Coast has 55 stations; the Great Lakes have 49 stations (Figure 9).
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Figure9. Locationsof U.S. NWLON tide stations.
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Theprogramssupported by the NWLON include: real-timenavigation saf ety, nautical charting,
hydrography, photogrammetry, boundary determination, navigation products, channel dredging and
harbor improvements, tsunami and storm surge warnings, tide predictions, environmental
monitoring, global climate change, international lake level regulation, international treaty
compliance, and international datum determination.

Additionally, the water level and geophysical data collected at these sites are frequently used
to study the coastal environment, perform scientific studiesof thedynamicsof sea-level, and validate
models of the geoid, tides, circulation, and satellite altimeter derived sea-surface height fields.

Thelocations of tide stations are organized into ahierarchy (Figure 10). Control (or primary)
tide stations provide acontinuously operating nationwide coarse network which is supplemented by
denser networks of short-term operating secondary and tertiary networks necessary to providetotal
tidal datum coverage.
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Figure 10. Illustration of tide station hierarchy.
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Primary tide stations are generally those which have been operated for 19 or more years, are
expected to continuously operate in the future, and are used to obtain a continuous record of the
water levelsin alocality. As the records from such a station constitute basic water level data for
present and future use, theam isto install and maintain the stations to obtain the highest degree of
reliability and precision that is practical. This justifies detailed planning and site selection. The
essential equi pment of acontrol tide station includesan automatic water level sensor, protectivewsell
or sumpwell (asfor Great Lakes stations), shelter, back-up water level sensor, ancillary geophysical
instruments, and a system of bench marks.

Secondary water level stationsarethosewhich areoperated for lessthan 19 yearsbut for at least
1 year, and have aplanned finitelifetime. Secondary tide stations are established for the purpose of
obtaining general tidal information for alocality and also to obtain specific datafor the reduction of
soundingsin connection with hydrographic surveys. Secondary stationsalso provide control in bays
and estuaries where localized effects are not realized at the nearest control station. Observations at
asecondary station are not usually sufficient for apreciseindependent determination of tidal datum,
but when reduced by comparison with simultaneous observations at a suitable control tide station,
very satisfactory results may be obtained.

Tertiary water level stations are those which are operated for more than a month but less than
1 year. Short-term water level measurement stations (secondary, tertiary, and seasonal) may have
their datareduced to equival ent 19 year meansthrough mathematical simultaneous comparisonwith
anearby control station. Short-term data, often at several locations, are collected routinely to support
hydrographic surveying. Inthe Great Lakes, seasonal dataare simultaneously compared to adjacent
stations for datum determination in harbors.

Thesite selection criteriafor tide stationsinclude geographical and time-varying knowledge of
the changesin Mean TideLevel (MTL) or MSL, changesin Mean Range of tide (Mn), and changes
in time of tide. Additional factors are coverage of critical navigation areas and transitional zones,
historical sites, proximity to the geodetic network, and the availability of existing structures, such
aspierssuitablefor thelocation of the scientific equipment. Figure1lisanexampleof thecoverage
of ChesapeakeBay, MD, wherethetidal characteristicschangerapidly. A control water level station
issited to provide datum control for national applications, and are sited in as many places as needed
for datum control.

Site reconnaissance is performed prior to the installation of anew station. Field sitevisitsare
done to aid in the design, make measurements, and render technical drawings; to recover bench
marks and/or plan for new bench marks; and to obtain permission, permits, agreements, etc. The
field parties take into consideration the requirements for the installation and protection of the
instruments. The most important considerations are the presence of a suitable structure, the
necessary bench mark locations, adequate water depth, special materials that might be needed to
prevent marinefouling and/or corrosion, availability of tel ephoneand el ectrical service, sitesecurity,
and lightening protection.
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COMPARISON OF TIDAL CHARACTERISTICS
CHESAPEAKE BAY
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Figure 11. An illustration of the change in tidal characteristics as a function of location in
Chesapeake Bay, MD.
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B. Bench Marks and Differential Leveling

A bench mark isafixed physical object or mark used asareferencefor avertical datum (Figure
12). A tida bench mark isamark near atide station to which the tidal datums are referenced. A
network of bench marksis an integral part of every water level measurement station. Since gauge
measurements are related to the bench marks, it follows that the overall quality of datums is
dependent on both the quality of the bench mark installation and the quality of theleveling between

the bench marks and the gauge.

Bench marks have site selection considerations much like the tide stations they support. The
first consideration is longevity; bench marks are sited to minimize susceptibility to damage or
destruction. Bench marks are sited to ease future recovery (locating and leveling to the mark) and
to ensure accessibility (open, overhead clearance). Bench marks must also be placed in the most
stable structure for the locality. Preference should be given to disks set in bedrock, in large man-
made structures with deep foundations, or set atop stainless steel rods driven to substantial

resistance.
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Figure 12. Anillustration of an NOS bench mark and various installation methods.
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Since bench marks are vulnerable to natural disturbances, such as geologic and soil activity, in
addition to damage inflicted by man, more bench marks are installed around stations with longer
term data series. At primary control stations, where 19 years of observations have been conducted
or are planned, a network of 10 bench marksisinstalled in the vicinity of the station. Five bench
marks are installed at secondary (1 year to less than 19 years) and tertiary (30 days to lessthan 1
year) stations. At least 3 bench marks are installed at short-term (less than 30 days) stations.

Differential levels(Figure 13) areused to check the el evation differences between bench marks,
to extend vertical control, and to monitor the stability of the water level measurement gauge. The
quality of leveling is afunction of the procedures used, the sensitivity of the leveling instruments,
the precision and accuracy of the rod, the attention given by surveyors, and the refinement of the
computations.

DIFFERENTIAL LEVELING
AE=R,-R,
E, (REFERENCED TO DATUM) = E, (REFERENCED TO DATUM) + AE
&E,=E +R,-R,
ROD READING ROD READING
[ 1
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J] BACKSIGHT (+) FORESIGHT (-
R, ?
AE T
\/ \I// E,
RN
E
1 DATUM l

Figure 13. A schematic diagram of extending vertical control inland from the tidal datum by the
method of differential leveling.

The User’s Guide for the Installation of Bench Marks and Leveling Requirements for Water
Level Stations (Hicks et al., 1987) provides detailed guidelines for bench mark installations and
leveling. The Standards and Specifications for Geodetic Control Surveysincludesinterim Federal
Geodetic Control Subcommittee specifications and procedures to incorporate electronic
digital/barcode levels.

The National Tidal Benchmark System (NTBMS) provides datum information for previously
and currently occupied tidal measurement locations. The number of stations in the NTBMS is
approximately 6000. There are approximately 3000 along the U.S. East Coast, 500 installed on the
Gulf Coast, 1000 along the West Coast, 1200 in Alaska, 150 in the Pacific Islands, and 177 around
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the Great Lakes. Bench mark elevations may become invalid due to vertical movement of the
structure or substrate or movement due to local construction. The established elevation of bench
marks relative to tidal datums may also be invalidated by changesin local tidal characteristics due
to dredging, erosion, and accretion. In many cases, bench marks in the NTBMS have not been
releveled in many years, resulting in some uncertainty in their validity. At present, about 2000
stations have published values for bench mark elevations. Anexample of the bench mark elevation
portion of a published bench mark sheet is shown in Figure 14.

PUBLICATION DATE: 11/02/1999 Page 5
ALASKA 9455760
NIKISKI, COOK INLET

Tidal datums at NIKISKI, COOK INLET are based on the following:
LENGTH OF SERIES = 2YEARS
TIME PERIOD January 1997 - December 1998
TIDAL EPOCH 1960-1978
CONTROL TIDE STATION SELDOVIA, COOK INLET (945 5500)

Elevations of tidal datums referred to mean lower low water (MLLW) are as follows:

HIGHEST OBSERVED WATER LEVEL (12/26/1976) = 8.513 METERS
MEAN HIGHER HIGH WATER (MHHW) = 6.239 METERS
MEAN HIGH WATER (MHW) = 6.026 METERS
MEAN SEA LEVEL (MSL) = 3.427 METERS
MEAN TIDE LEVEL (MTL) = 3.330 METERS
*NORTH AMERICAN VERTICAL DATUM-1988 (NAVD) = 2.088 METERS
MEAN LOW WATER (MLW) = 0.634 METERS
MEAN LOWER LOW WATER (MLLW) = 0.000 METERS
LOWEST OBSERVED WATER LEVEL (01/29/1979) = -1.545 METERS

Bench mark elevation information:

ELEVATION IN METERS ABOVE:

BENCH MARK STAMP/DESIGNATION MLLW MHW

5760 K 1978 12.583 6.557

5760 L 1983 12.695 6.669

5760 M 1983 13.049 7.023

5760 N 1983 26.212 20.186

NIK 1964 11.090 5.064

NIKISKI 2 15.574 9.548

NIKISKI 3 34.642 28.616

NO 7 1973 35.746 29.720

NO 8 1973 33.451 27.425

NO 91973 35.736 29.710

PUBLICATION DATE: 05/21/1996 Page 3 of 5

Figureld. A sample of a page from a published bench mark sheet for Nikiski, AK. This page
illustratesinformation pertaining to tidal datums and vertical control. Note that for this station, the
tidal datums were computed from a secondary reduction, the control station is indicated, and
elevations of the tidal datums are relativeto MLLW.
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Bench marks are leveled by either a compensator leveling instrument or by an electronic
digital/barcode system. Compensator-type leveling instruments require double running. However,
under certain circumstances, electronic digital/barcode systems allow for single running. Bench
marksare leveled whenever anew tide station is established or when data collection is discontinued
at atidestation. Benchmarksarealsolevel ed before and after maintenanceis performed at astation,
and at least annually to perform stability checks. In addition, whenever new bench marks are
installed, the existing bench marks are re-leveled.

The Global Positioning System (GPS) is emerging as a global vertical measurement system
(Milbert, 1995). The NOS National Geodetic Survey (NGS) isimplementing GPS into operations
and is devel oping a nationwide Continuously Operating Reference System (CORS). GPSisbeing
used to measure vertical crustal motion at water level stations at certain test sites. Differential GPS
connection of bench marks (i.e., determination of ellipsoidal height of bench marks) enables the
seamlessintegration of tidal datums with geodetic heights measured by GPS (e.g., Del.oach, 1995;
Wells et al., 1996; Defense Hydrographic Initiative, 1996). Presently, work is underway to
investigate using GPS to minimize the number of bench marks at each station, to provide tidal
datums relative to the elipsoid to facilitate standardization with a future “globa” datum, and to
better assess|ocalized |and movement as opposed to bench mark instability. These effortswill also
facilitate understanding of theslopesor differencesbetweentidal datumsindifferent locations. NOS
is aso investigating the use of Real-Time Kinematic (RTK) GPS in hydrographic surveying,
assuming that the relationship between Chart Datum (MLLW) and the ellipsoid is known.

C. Collection of Observations

Dueto physical and environmental complexities, including spatia and temporal variability and
severe environments in coastal zones, sophisticated instruments are necessary to measure
instantaneous water levels, tides, storm surges, tsunamis, and long-term sea level trends. These
instrument suites must be very accurate and reliable.

In past years, water levelswere measured using float and wire sensorshoused in stilling wells,
first with analog strip chart mechanical gauges and later with punched-paper-tape to analog digital
recorder (ADR) conventional tide gauges (e.g., Schureman, 1941). Tide observers and tide staffs
were used to connect the measurements to the local bench mark networks. This technology was
suitablefor most traditional monitoring requirementsfor surveying and mapping, however present
instrumentation and computer technologies used by NOS enable more accurate, flexible, and
automated tide gauge systems to be applied towards eliminating the sources of uncertainty in
measurement that the older systems exhibited and towards the emerging programmatic real-time
automated needs of NOAA programs (NRC, 1986). A more accurate system of measurement al so
supports the requirement of the long term measurements to estimate relative sea level trends with
amplitudes of afew millimeters.
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Figure 15. A schematic diagram of the main systems associated with NGWLMS.

The NWLON Station and Its Equipment

Present water level stationsuse modern sensor technology (NRC, 1986), improved instruments,
digital recording, satellite communication, modern database programming and management
techniques, and additional geophysical instruments (Figure 15). Many stations also measure wind
speed and direction, barometric pressure, air and water temperature. These are used to interpret the
sealevel records, perform scientific analysesof the natural phenomenain the coastal zone, and when
disseminated to mariners through the Physical Oceanographic Real-Time Systems (PORTS™),
provide rea-time environmental conditions suitablefor navigational decision making (NRC, 1986;
1996).

The system that accomplishes these tasks is known as the Next Generation Water Level
Measurement System (NGWLMS). TheNGWLM S equi pment was devel oped by NOSto modernize
the NWLON (e.g., Scherer, 1986; Mero and Soney, 1988). A NGWLMSisa stand aone system
that acquires, stores and transmits water level, weather and other datafrom the field unit (Edwing,
1991). The main requirement for the unit isto accurately measure water level information with low
power consumption, highreliability, and defined accuracy. The goal isto monitor waterslevelswith
an accuracy of better than 1.0 cm, asthe present global estimate of sealevel riseis0.15 cm per year.
Considering al the variability in water level measurements, resulting from the contributions noted
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earlier, thislevel of accuracy presentsachallengefor instrumentation and research. The NGWLMS
water level sensors have an accuracy of about 1.0 cm for each sample (Schultz, et al., 1998).

Instruments

TheNGWLM Sfield unitisafully automated, dataacquisition and transmission system. Itwas
developed and procured from off the shelf componentsin the mid-1980s, and underwent extensive
evaluation prior to delivering datafrom which operational products are calculated. In addition, the
internal firmware and some of theinternal modules of thefield unit have received periodic upgrades
to maintain or enhance capabilities.

Thedatacollection platform (DCP) (Figure 16) consistsof aSutron 9000 Remote Terminal Unit
(RTU). Thisisamodular unit that contains power supply, communicationscontroller, Geostationary
Operationa Environmental Satellite (GOES) satellite transmitter, central processor unit, memory
expansion modul e, telephone modem, general purpose Input/Output (1/0) module, and an Aquatrak
water level sensor controller manufactured by Bartex. Theunit receivesdatafrom the sensorswhich
measurethewater level and geophysical parameters (Edwing, 1991). This measurement sub-system
accommodates up to eleven additional instrument channels. The field unit is fully automated for
remote installations. The unit’s design and satellite data transmission streamlines the digital data
relay and processing.

The NGWLMS field unit is a multi-tasking, programmable computer. The unit is fully
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Figure 16. A schematic diagram illustrating the design of a standard NGWLMS.

30



automated, password protected, andiseasily sited. The Sutron 9000 accommodatestwo water level
instruments with the option of installing eleven additional instruments. The unit’s telemetry
capability includessatellite, radio, telephone and direct accessfor the dissemination of near real -time
and real-time data, complete data custody, and recovery from system or communications
malfunction. The Aquatrak is a downward-looking acoustic water level measurement sensor that
returns data that can be directly referenced to the station datum at the site. (Edwing, 1991).
Provisions are made within the data base processing system to convert water level datato local tidal
datum references.

The instruments typically installed at an NWLON station are: the primary water level sensor
(aBartex "Aquatrak™ acoustic sensor); a strain-gauge pressure transducer for back-up water level
measurements; an R.M. Y oung anemometer for measuring wind speed, direction and maximum
hourly gusts; aY elow SpringsInstruments Corporation (Y SI) thermistor for measuring air or water
temperature; a Seabird or Falmouth water conductivity instrument; and a Setraor Visallabarometer
for measuring atmospheric pressure (Edwing, 1991). Since technology is constantly evolving, the
mix of computers and sensorsis subject to changein the future. The environment at the stationsin
the Great Lakes is such that shaft angle encoders and float/wire sensors are used instead of the
acoustic sensors. NOS isalso investigating new sensor technologies, such aslaser and microwave
sensors, to replace the acoustic sensor since it still requires a protective well.

Measurement of Water Levels

The primary requirement of a water level station is to accurately and reliably measure time
varying water levelsin often hostile conditions. The primary water level sensor is a non-contact
sensor, i.e., the sensor consists of an acoustic transducer head connected to a ¥z -inch diameter
vertical PV C tube open at the lower end, which isin the water.

The water level in the tube moves up and down with the tide. The tube, and the sturdy
environmental protective well housing which surroundsthe tube, provide alimited damping effect.
The protective well is a6 inch diameter PV C well with and a 2 inch inverted cone orifice in the
water. Typically, 12inchdiameter parallel platesat theorificearea soinstalled. Thisdesignreduces
the unwanted filtering effects of a true stilling well while permitting the field unit to be sited in
dynamic environments with wave action and high velocity currents and al so reduces the errors due
to wave motion and stream flow associated with currents on the internal water level. This
arrangement, asfar as possible, gives alinear response to exterior changesin sealevel (Scherer, et
al., 1981).

The acoustic head emits a sound pulse, which travels from the top of the tube to the water
surface in the tube, and is then reflected up the tube. The reflected pulse is received by the
transducer, and the Aquatrak controller, or water level sensor module. The Sutron 9000 unit then
calculatesthe distanceto the water level using thetravel time of the sound pulse (Sutron, 1988) with
corrections for air temperature and density effects (Edwing, 1991).

Aswell asthereflected pulse from the water level, thereis aso areflection from aholein the
side of the sounding tube at an accurately known distance from the transducer head. This measured
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reflection is used by the Aquatrak controller to continually self-calibrate the measuring system.
Temperature gradients in the protective well can introduce a source of systematic error. Two
temperature thermistors are installed at two locations in the sounding tube and a correction factor
can be applied asrequired (Edwing, 1991). Asmentioned, asystem of tidal bench marksisin place
to ensure the stability and continuity of the measurements and to recover thetidal datums (Edwing,
1991; Mero and Soney, 1988).

Backup Water Level System

Each NGWLMS field unit has a backup system. This contains a stand alone backup data
recorder which measures and stores water level data from a pressure transducer installed in a gas-
purged/orifice configuration.

The backup water level readings are logged every six minutes into the memory of the Sutron
RTU 8200 data recorder and are passed to the Sutron 9000 unit, via an optically isolated serial
communicationlink. The8200isafully-automated, multi purpose, programmable DCPthat supports
multiple sensors and satellite telemetry.

The memory of the Sutron 8200 can hold about two months of data (Mero and Stoney, 1988).
Should there be problems with the primary data system, the data from the 8200 can be retrieved
during an on-sitevisit. Thisbackup system uses battery power with solar recharge and can operate
unattended for over ayear (Mero and Stoney, 1988).

Powering the NGWLMS Unit

TheNGWLM Sunit can useavariety of power sources, including el ectrical power, solar panels
or batteries. Batteriesprovide about seven days of reserve operating power in case of lossof primary
power. For installations where electrical power is not available, the system will run on batteries
which are charged by solar panels (Mero and Stoney, 1988).

Data Sampling Rate

Thesamplingratefor the primary and backup water level measurementsis 1 sample per second.
However not al of these data are stored. The water level measurements are averaged over athree-
minute period (Scherer, et al., 1981) and are stored in the memory at 6-minute intervals. Each
weather parameter is stored hourly, and is the average of 2 minutes of sampling on the hour. The
memory of the 9000 has a "rolling log" which retains the last 30 days of data (Mero and Soney,
1988).

For primary water levels, an average of 181 samples is computed, 1 sample per second over
three minutes. The standard deviation is then calculated, and any sample readings greater than 3
standard deviations from the mean are identified and termed outliers. The mean and standard
deviation arethen recal cul ated from the remaining samplesafter outliersareremoved, and thevalues
of the recal culated mean, the standard deviation, and the number of outliersare stored in the Sutron
9000 or 8200.
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The NGWLMS station has the capacity to operate with various, site-specific combinations of
sensors, averaging and sampling intervals. These combinations can be adjusted by using apersonal
computer connected to acommunication port in the unit, either directly at the site, or remotely with
a"modem" through the normal public telephone network. Another feature of the 9000 field unit
isthat the system software can be modified remotely viatelephone. This capability has proven to
be useful during early system development and for software upgrades.

Data Retrieval

Data can be retrieved from the Sutron 9000 unit by (a) on-site retrieval, using a personal
computer communication program, and (b) remote retrieval, where data is retrieved by automated
modem dial-up or by automatic satellite transmissions every hour viathe NOAA’s Geostationary
Operational Environmental Satellite (GOES) (Mero and Soney, 1988; Gill, 1997).

Other Primary Sensors

NOS uses other sensor technologies as primary sensors where the acoustic system
configurations cannot physically be installed or the acoustic systems are not appropriate due to
operating conditions. Examples are in areas of Alaska and in the Great Lakes where seasonal ice
conditions prohibit installation of protective wells and where acoustic sounding tube temperature
gradients cannot be controlled. In Alaska, adual orifice digital bubbler water level sensor system
is employed configured with Paroscientific pressure transducers vented to the atmosphere. In the
Great Lakes, float driven shaft angle encoder sensor systems are installed in sump wells that have
underground horizontal pipe assemblies out to the water low enough to be unaffected by the ice.

D. Quality Assurance of Water Level Data

NOS has written Standard Operating Procedures (SOPs) for station instrumentation. The
primary documentation is the “NGWLMS Site Design, Preparation, and Installation Manua”
(Edwing, 1991). Thisdocument definessupport for NGWLM Sfield unit deployment and operation,
and includes system configuration and annual inspection procedures. Field Engineering Notes are
issued as needed to provide updated field unit maintenance procedures. Project Instructions are
issued annually and amended as required to provide specific station maintenance requirements.

The SOP for bench marks and leveling is entitled, “Users Guide for the Installation of Bench
Marks and Leveling Requirements for Water Level Stations’ (Hicks et al., 1987). This document
presents SOPs for second order and third order leveling of the tide station bench marks.

The use of standardized documentation and proceduresis arequirement for delivering data of
known quality. The above documents define the procedures for facility maintenance, instrument
maintenance, data quality monitoring, and stability monitoring.

Specific procedures are defined for inspecting and repairing water level station structures,
inspecting and repairing utilities, maintaining underwater components, and cleaning marine growth
(Edwing, 1991). Thereare specific proceduresfor calibration, inspection, and acceptance testing of
system-wide components. These proceduresincludefield verification of instrumentsand hardware,
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preventive maintenance and corrective maintenance procedures, how to modify and upgrade
components, and how to install, test, and retrieve data collected from the back-up system (Edwing,
1991).

Field crewsresponsiblefor stationinstallation and mai ntenance have softwarethat enablesthem
to run diagnostic tests on the system while on-site. In addition, each day CO-OPS obtains a
preliminary daily review of the status of instrumentsfrom the GOES Daily Telemetry Status Report.
Datatracking al so occursthrough the database management system which performsavariety of data
quality checks and can record flags for each point of data processed. Data are aso reviewed by the
Continuously Operating real-Time Monitoring System (CORMS) program on a 24 hour by 7 day
basis.

The SOPsfor bench marksand leveling instruct field partiesin theinstall ation and mai ntenance
of bench marksto be used for tidal datum references. There are also detailed instructions on how
to conduct differential leveling to monitor vertical stability of gauges and how to define a primary
bench mark (Smith, 1997).

The documentation produced by the field parties are maintained in a site package filed at CO-
OPS for each tide station. The report includes a nautical chart section of the area around the tide
station, a bench mark sketch, directions on how to find the station and bench marks, bench mark
descriptions and recovery notes, photographs of station components, bench mark settings, bench
mark leveling records and abstracts, station installation and maintenance reports, and miscellaneous
notes applicable to the station.



5. DATA PROCESSING AND TIDAL DATUM COMPUTATIONAL METHODOLOGIES
A. Data Processing and Analysis Subsystem (DPAS)

TheDataProcessing and Analysis Subsystem (DPAS) isthe NOS database management system
which receives water level and geophysical data from the water level station instrumentation,
performs automated quality control, facilitates the processing and analysis of the data, generates
resulting products to be disseminated to the public, maintains control over the data collection
activitiesof thefield units, provides mechanismsfor thetimely rel ease of data, and archivesthe data.

DPAS Data Flow

Datafrom remote NGWLM Sfield units can be transmitted to DPAS by satellite, telephone, or
diskette (Gill etal., 1997). Theprimary modeof datatelemetry isby GOES satellite. Eachfield unit
transmits data collected during the previous hour period once every hour. For water level from the
primary water level sensor only, redundant data (i.e., several hours prior to the present period) are
asosentinthesatellitemessage. Quality control parameterssuch asstandard deviationsand outliers
are also sent in the satellite message for the present time period, but not for the redundant data. The
GOES satellite message includes 6-minute water level data, half-hour backup water level data, and
hourly geophysical data. The satellite messages are sent to NOAA’s National Environmental
Satellite, Dataand Information Service (NESDIS) downlink facility at Wallopslsland, VA. DPAS
automatically calls the NESDIS downlink facility once every hour to download new satellite
messages. The satellite messages are decoded from pseudo-binary format into ASCII files, and the
ASCII files are copied into the DPAS database. Automated Quality Control (QC) procedures are
performed, and each time a QC flag is set, it is stored in the database. For example, a QC check is
performed to test the water level against maximum and minimum physically-reasonable values. If
thewater level failsthischeck, the QC flag indicating afailed maximum-minimum range-test is set.
Additional QC checks include atest to see if several consecutive values of the water level are the
same; if thisistrue, theimplication isthat the sensor is not responding. A third difference check is
done to detect discontinuities in the data. Checks are made of the two thermistor values that are
installed within the protective well to ensure they do not exceed tolerances. Sensor and datum offset
checks are compared against accepted values of these coefficients in the DPAS database. If
discrepanciesexist, theflagsare set. For the geophysical data, only maximum and minimum checks
are performed. Tolerance limits are individually set for each station and parameter.

Data acquisition by telephone call is the backup mode of data telemetry. Only afew stations
do not have telephone connections. Phone calls to the field units may be made on demand or
programmed into DPAS. In any event, DPAS makes automatic phone calls about every 2 weeksto
test the phone connection. Data collected by phone undergo the same QC checking outlined above.
When all elsefails, the third mode of data recovery isto download the data from the Sutron 9000
by diskette. Depending upon the type of data collected, up to thirty days of data may be stored,
which provides adequate time for datarecovery by thismeans. Thisdatais aso edited and quality
controlled in the manner outlined above.

A number of reportsare generated by DPA Sto document thedataquality. Thepreliminary Data
Quality Assurance Report summarizes the number of tolerance failures for each station for a user-
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specified period of time. The Satellite Transmission Report provides alisting of al transmissions
received at CO-OPSviaNESDISwithinthelast 24 hours. The Sensor and Datum Offset Report lists
al sensor and datum offsets used to processthe data. Thisincludesthe offsetsrecorded at thefield
unit, telemetered to DPAS, and manually entered into DPAS. The Daily Telemetry Status Report
is generated every 24 hours for all stations that were expected to transmit data. Thisis reviewed
every day for flags which are indicative of malfunctioning sensors. The GOES Monthly Summary
Report identifies problemsthat occur because of the satellitefor NWLON stations. Thisreport also
includes the random reports produced from stations that were modified for either the Tsunami
Warning Program and the Storm Surge Warning Program.

Processing and analyses of data within CO-OPS are done according to a set of SOPs which
control human error by prescribing a step-by-step approach and operate on a defined set of inputs
with a defined set of output products.

The SOP entitled “NGWLM S Preliminary DataQuality Review” (Gill, 1994) takesasinput the
unedited NGWLMS water level and geophysical data that has gone through the automated QC
outlined above. Produced as an output is a preliminary data quality review with feedback to
appropriate engineering personnel on instrument operation. This SOP is performed on a monthly
basis during the last week of each month for that month’s data. Data quality reviews occur more
frequently for special projects such as hydrographic surveys, other short-term deployments, or
NGWLMS stations that have chronic problems. The procedure of preliminary review consists of
checking the data, relevant comparisons, scanning the DPAS Acquisition Report, checking outliers,
and flags that have been set, and forwarding copies of the documented problems to engineering
personnel.

A second SOP (Gill, 1995), operates on the raw unedited data and is entitled, “ Processing of 6-
minute Datafor Hourly Heights, High and Low Waters, and Monthly Means.” Theinput istheraw,
QC-flagged water level data, standard deviations and outliers, sensor and datum offset information,
and the inventories of time seriesin DPAS. Outputs of this procedure are the final edited versions
of the 6-minute water level time series data, tabulation of the hourly heights, high and low waters,
and monthly means referenced to asite-specific, arbitrary, station datum. This processing includes
QC, editing, gap filling, and tabulation. This procedurefirst checksthat all of the parametersfor a
station wereentered into DPAS correctly. Inventoriesof thedataareall checked. Normally, DPAS
automatically loadsthe previous month’ sdataaround thethird of each month. However, if thereare
gaps in the primary sensor data, thisis performed manually. Data are plotted to examine the data
guality and determine what kind of gap filling, if any, isrequired. If gaps are small, then linear
interpolation is usually adequate. If gaps are up to 3 days, then the gaps may be filled with backup
water level data, with predictions, or by comparison of datawith anearby station after amplitude and
phase offsetsare computed. Oncethegapsarefilled, and depending upon thetype of station, several
parameters may then be computed including generation of hourly heights, generation of highand low
tides, and selection of higher highs and lower lows. Several diagnostic QC checks are defined for
each step of the process. After this, the monthly means are produced. The time series data, hourly
heights, high and low waters, higher highs and lower lows are marked compl ete, and subsequently
marked verified after review by a senior analyst.
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Tidal datumsand associated tidal products are also computed using DPAS (Smith, 1997). The
procedure controlling the analysisis defined in “ SOP for the Computation and Acceptance of Tidal
Datumsfor NOSTida StationsUsingDPAS.” Tida datumsat control stationsare computed by the
first reduction or arithmetic mean method for a specific length of record, generally a tidal epoch
(Smith, 1997). Theinput for the procedure requires the monthly mean valuesfor atidal epoch. The
current tidal epoch is defined to be from 1960-1978. Tidal datums at secondary stations are
generaly computed by comparison of monthly means between subordinate and control stations
(Smith, 1997). Tidal datums at tertiary stations are computed by comparison of monthly means or
comparison of simultaneous high and low waters (if no calendar month of data) between thetertiary
station and a control, or with an acceptable secondary station (Smith, 1997). The input for this
procedure is the simultaneous means from the control and subordinate station in aregion of similar
tidal characteristicsto produce an equivalent datum at the subordinate station with an adjustment to
19-year values. This SOP results in accepted values which consist of 1960-1978 epoch datums
relative to the station datum and associated values of Greenwich High Water Interval (HWI), and
Greenwich Low Water Interval (LWI), Mean Range (Mn), Great Diurnal Range (GT), Diurnal High
Water Inequality (DHQ), and Diurnal Low Water Inequality (DLQ) (Hicks, 1989).

The tidal datum computation process involves QC of the data, review of preliminary datum
tabulations and datum reference, benchmark and station stability, and computation of the standard
tidal datums. Procedures include detailed instructions for publishing a bench mark sheet (Smith,
1997). The €elevation of the primary bench marks relative to the station datum, the elevation
differences between the primary bench mark and the other benchmarks, bench mark descriptions,
and bench mark locations are documented. Corrections pertaining to the bench marks are entered
at thispoint. The output isan accepted set of tidal datumsand published bench mark sheetsfor each
station.

The SOP, “Formal Y ear-End Reviewsof Tide Station Data” (Gill, 1997) providesafurther level
of data quality assurance. Theinput of the procedure isthe most recent year of datafrom operating
NGWLM S stations, tabul ation packagesfor each station, copiesof thedatainventoriesof thedigital
dataon DPAS, DPAS sensor and datum offset reports, and site packages. Reviews of the dataoccur
after the December preliminary dataquality review. Theoutput fromtheprocedureisthe completed,
documented, calender year-end review for all NWLON and specia project stations. The data and
products are reviewed for consistency, anomal ous values, completeness, and documentation. Also
reviewed arethewater level timeseries, datums, harmonic constituents, and benchmark andleveling
information.

B. First-Reduction Tidal Datum Computations

The attention to detail in the data quality assurance, mentioned in the previous sections on
instrumentation and standard operating procedures, leads to water level data sets that are used to
produce tidal datums. In this section, the standard tidal datums are defined.

The NTDE is defined as the specific 19-year cycle adopted by the NOS as the official time

segment over which water level observations are taken and reduced to obtain mean values (e.g.,
mean lower low water) for tidal datums. Adoption of the NTDE averages out long-term seasonal
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meteorol ogical, hydrol ogic, and oceanographic fluctuations. It providesanationally consistent tidal
datum network by accounting for seasonal and secular trends in sea level that affect the adequacy
of the tidal datums (Marmer, 1951). NOS operates the NWLON to provide the data required to
maintain the epoch and to make primary and secondary determinations of the tidal datums. The
present NTDE is 1960 through 1978. It isreviewed for revision at least every 20 to 25 years and
implementation of anew NTDE is currently under consideration by NOS.

A vertical datum iscalled atidal datum when it is defined by a certain phase of thetide. Tidal
datums are local datums and should not be extended into areas which have differing hydrographic
characteristics without substantiating measurements. In order that they may be recovered when
needed, such datums are referenced to fixed points known as bench marks.

A primary determination of atidal datum isbased directly on the average of observations over
a19-year period. For example, aprimary determination of mean high water is based directly on the
average of the high waters over a19-year period. Tidal datums must be specified with regard to the
NTDE (Marmer, 1951).

Mean Higher High Water (MHHW) is defined as the arithmetic mean of the higher high water
heights of thetide observed over aspecific 19-year Metonic cycle (theNTDE). Only the higher high
water of each pair of high waters of atidal day isincluded in the mean. For stations with shorter
series, simultaneous observational comparisons are made with a control tide station in order to
derive the equivalent of a 19-year value (Marmer, 1951).

Mean High Water (MHW) isdefined asthe arithmetic mean of the high water heights observed
over a specific 19-year Metonic cycle (the NTDE). For stations with shorter series, simultaneous
observational comparisons are made with a control tide station in order to derive the equivaent of
a 19-year value (Marmer, 1951). Use of the synonymous term, mean high tide, is discouraged.

Mean Low Water (MLW) is defined as the arithmetic mean of the low water heights observed
over a specific 19-year Metonic cycle (the NTDE). For stations with shorter series, simultaneous
observational comparisons are made with a control tide station in order to derive the equivaent of
a 19-year value (Marmer, 1951). Use of the synonymous term, mean low tide, is discouraged.

Mean Lower Low Water (MLLW) is defined as the arithmetic mean of the lower low water
heights of the tide observed over a specific 19-year Metonic cycle (the NTDE). Only the lower low
water of each pair of low waters of atidal day isincluded in the mean. For stations with shorter
series, simultaneousobservational comparisonsaremadewithacontrol tidestationin order toderive
the equivalent of a19-year value (Marmer, 1951).

Inaddition, MeanTideLevel (MTL), Mean Range(Mn), Diurna High Water Inequality (DHQ),
Diurnal Low Water Inequality (DLQ), Great Diurnal Range (Gt), Diurnal Tide Level (DTL), and
Mean Sea Level (MSL) have the following definitions:. MTL is the average of MHW and MLW,
Mnisthedifference between MHW and MLW; DHQ isthedifference between MHHW and MHW;
DLQisthedifference between MLW and MLLW:; Gt isthedifference between MHHW and MLLW;
DTL isatidal datum which definesthe midpoint between MHHW and MLLW,; and MSL isdefined
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asthearithmetic mean of hourly heightsobserved over aspecific 19-year Metonic cycle (theNTDE).
Shorter series, such as monthly mean sealevel and yearly mean sealevel, are specified in the name
(Marmer, 1951; Hicks, 1985). The Glossary of thisdocument containsthe definitions of additional
tidal datums.

C. Equivalent Short-Term Datums

Due to time and resource constraints, primary determinations of tidal datums are not practical
at every location aong the entire coast where tidal datums are required. At intermediate locations,
a secondary determination of tidal datums can usually be made by means of observations covering
much shorter periods than 19 years if the results are corrected to an equivalent mean value by
comparison with a suitable primary control tide station (Marmer, 1951).

A primary control station isone (Marmer, 1951) at which continuous observations have been
made over aminimum of 19 years spanning the NTDE. The data series from this station serves as
aprimary control for the reduction of relatively short series from subordinate stations through the
method of comparison of simultaneous observationsand for monitoring long-period sealevel trends
and variations.

A secondary control tide station is a subordinate tide station at which continuous observations
have been made over a minimum of one year but less than 19 years. The data series is reduced to
equivalent 19-year tidal datums by comparison with simultaneous observations from a suitable
primary control observation.

A tertiary control tide station isasubordinatetide station at which continuous observationshave
been made over aminimum of 30 daysbut lessthan 1 year. The data seriesisreduced to equivalent
19 year tidal datums by comparison with simultaneous observations from a suitable secondary or
primary control tide station. NOS uses the following methods to perform comparisons of
simultaneous observations for secondary (i.e., short-term) determinations of tidal datums.

Standard M ethod. Thismethod isgenerally used for the West Coast, and Pacific Island stations.
Vaues needed are MTL, MSL, Mn, DHQ, and DLQ as determined by comparison with an
appropriate control. From those, the following are computed:

MLW = MTL - (0.5*Mn) MHHW = MHW + DHQ
MHW = MLW + Mn DTL = 0.5*(MHHW + MLLW)
MLLW=MLW - DLQ GT = MHHW - MLLW
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Modified-Range Ratio Method. Thismethod isgenerally used for the East Coast, Gulf Coast,
and Carribbean Island Stations. Values needed are MTL, DTL, MSL, Mn, and GT as determined
by comparison with an appropriate control. From those, the following are computed:

MLW = MTL - (0.5*Mn) MHHW = MHW + GT
MHW =MLW + Mn DHQ = MHHW - MHW
MLLW=MLW - 0.5*GT DLQ=MLW - MLLW

Direct Method. Datumsare determined directly by comparison with an appropriate control for
the available part of thetidal cycle. Itisusually used only when afull range of tidal values are not
available. For example: Direct Mean High Water, when low waters are not recorded.

Figure 17 isan illustration of how these tidal datums are related to atypical beach profile and
aso illustrates how the various tidal datums are applied to marine boundary issues.
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D. Accuracy

Generalized accuracies (Swvanson, 1974) for datums computed at secondary or tertiary stations
based on the standard deviation error for the length of the record are summarized in Table 2. These
values were calculated using control stationsin the NWLON. The accuracies of the secondary and
tertiary datums can be interpreted as known to within plus or minus the appropriate value in Table
2. That is, the values in Table 2 are the confidence intervals for the tidal datums based on the
standard deviation.

Table 2. Generalized accuracy of tidal datums for East, Gulf, and West Coasts when determined
from short series of record and based on +/- sigma. From Swanson (1974).

SeriesLength East Coast Gulf Coast West Coast

(months) (cm) (ft.) (cm) (ft.) (cm) (ft.)
1 4.26 0.13 5.91 0.18 4.26 0.13
3 3.28 0.10 492 0.15 3.61 0.11
6 2.30 0.07 3.94 0.12 2.62 0.08
12 1.64 0.05 2.95 0.09 1.97 0.06

The uncertainty in the value of the tidal datum translates into a horizontal uncertainty of the
location of a marine boundary when thetidal datum lineis surveyed to the land (Demar cating and
Mapping Tidal Boundaries, 1970). Table 3 expresses the uncertainty in the marine boundary as a
function of the slope of the land. A slope of 1% means that the land rises 1 meter for every 100
metersof horizontal distance. Inthistable, theerror isdefined as (0.03 m)x[ cotangent(slope)]. The
greatest errorsin the determination of the marine boundary occur for relatively flat terrain, which
is characteristic of broad sections of the Atlantic and Gulf Coasts.

Table 3. Error in position of marine boundary as a function of the slope of the land.

% of Slope Degree of Slope (degrees) Error (meters)
0.1 0.05 323
0.2 0.1 14.9
0.5 0.3 6.1
1.0 0.6 3.0
2.0 1 15
5.0 3 0.61
10.0 6 0.30
15.0 9 0.18
20.0 11 0.15
30.0 17 0.09
50.0 27 0.06
100.0 45 0.03
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6. TIDE AND WATER LEVEL PRODUCTS
A. Types

An extensive amount of tidal data is available from NOS. These data can be obtained in a
variety of ways, such as historical data in either hard copy or digital formats; near-rea-time data
obtained through radio, telephone, or satellitelink; and near-real -timeand hi storic dataobtained over
the Internet. The acquisition of NOS-held historic data and data available over the Internet is
discussed in the following sections.

B. Historic

A large volume of historic tide and water level data have been archived by NOS. Much of this
information can be obtained in hard copy and el ectronic formats, aswell asover thelnternet. Recent
efforts at digitizing historical hourly heights and monthly means form all NWLON stations is
resulting in digital long term time series available to the user in digital form for the first time.
General digital and hard copy data and information include raw and verified data, (tidal,
oceanographic and meteorological), standard NOS publications, customized data, atlases, charts,
reports, and memorandums. Listings of data availability and indices of water level stations are
available from CO-OPS web pages and hard copies are available on request.

CO-OPS dso provides expert consultation, including certification of observed and predicted
water level datafor court evidence and legal documents as requested. Specia servicesinclude the
preparation of customized tide and tidal current predictions; generating plots of hourly or 6-minute
tidal heights; plots of daily, monthly, or yearly mean sealevel; plots of daily mean observed versus
predicted water level; and providing simultaneous plots of two stations or plots of observed water
levels versus predicted tidal heights. Special services also include development of long-term tidal
means and extreme water level data analysis; computation of long-term relative sea level trends,
documentation of elevation of primary bench marks above summary datums; establishing tidal
datums for previous time periods; tidal zoning; and providing technical advice on methods for
conducting tidal surveys.

Other divisions of NOS aso distribute products and services that contain tide and water level
information provided by CO-OPS. Themost well known of theseare thenautical chartsfor theU.S.
anditsterritoriesfrom the Office of Coast Survey (OCS). Thesechartsarefundamental navigational
tools required for safe passage of waterborne commerce. They can aso serve as base maps for
resource management, shoreline development planning, and other applications. Charts depict the
location of the shoreline, minimum water depths referenced to tidal datums, aids to navigation,
hazards to navigation, sediment notations, and other supplemental information. One valuable
techniqueto estimate historic marine boundariesuseshistoric nautical chartsof NOS. Historic NOS
charts help to identify the geomorphol ogy of the coast dating to 1834 at some locations.

Since the 1930s, precision aeria photography has been a primary source material for coastal
survey maps. The main aeria photographic product produced by the NGS is a 9x9 inch color
photograph, usually exposed at scales from 1:10,000 to 1:50,000. Aerial photography is aso a
valuable technique to estimate historic marine boundaries and the photogrammetric surveys

43



themselves are either tide-controlled to produce depictions of MHW or are taken at known stages
of the tide.

Productsavailablefrom NGSinclude coastal survey maps, alsoknown asT-sheets. Thesemaps
are special use planimetric or topographic mapsthat accurately depict the shoreline and alongshore
natural and manmadefeatures, such asrocks, bulkheads, jetties, piers, and ramps. These mapsrange
in scale from 1:5,000 to 1:40,000. Carefully controlled for tide variations (standardized to Mean
Low Water), these maps represent the most accurate delineation of shoreline in the Nation.

NGS aso maintains the National Spatial Reference System (NSRS) which is a consistent
national coordinate system that defines|atitude, longitude, elevation, scale, gravity, and orientation
throughout the Nation, as well as how these values change with time. There are over 800,000
geodetic control survey pointsinthe U.S. Approximately 3,700 of these form the highest accuracy
core of the system. They include the Federal Based Network (FBN), Cooperative Based Network
(CBN), and CORS sites covering the U.S. and its territories. Individual data sheets for al FBN,
CBN, and CORS points are available from the NGS web site,_http://www.ngs.noaa.gov. The NGS
and CO-OPS bench mark databases have a dynamic linkage whereby the user can cross reference
common geodetic bench marks with tidal bench marks.

C. Operational Support to Other Programs
Physical Oceanographic Real-Time System

Water level measurements and additional geophysical datafrom selected NWLON stations are
used to support the CO-OPS managed PORTS™ program; an integrated real-time navigation
system, deliveringtothemariner in near-real remote datadisplayswhichrangefrom simplenumeric
to graphics. Present technology enhancementsinclude real-time water level data access, tabular or
graphicdisplay, andtideandtidal current prediction comparison. Thereal-time datacan beobtained
by thelocal user by interrogating the PORTS™ local data acquisition systems by tel ephone (Bethem
and Frey, 1991). The water levels and additional geophysical data disseminated by PORTS™ and
at other key installations are monitored by CORM S, amonitoring system that operateson a24 hour,
seven day per week basis. The purpose of the monitoring is to provide quality control of the data,
stop dissemination of questionable data, and to provide for the prompt repair of key sensors in
critical harbor locations (Gill et al, 1997; Reilly et al, 1998).

Tsunami Warning System

Datafor tsunami warning and research is delivered by random transmissions, triggered by the
water level measurements. The GOES satellite has an emergency report mode of operation, and the
Sutron 9000 has been configured for thismode. Thismodification augmentsNGWLM S capabilities
to meet the NWS Tsunami Warning Program needs and NOAA's Office of Oceanic and
Atmospheric Research (OAR) Pacific Marine Environmental Laboratory (PMEL) Tsunami Research
program needs. The NWS/PMEL cooperative program receives emergency reporting of water level
data by the GOES event-triggered, random report capability. The trigger is water level rate of
change in excess of athreshold value. The modificationsinclude on site storage inthe NGWLMS
primary system of more than 20 days of 1 minute water level data, accessible by telephone. Further
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on sitestorageisprovided in the NGWLM S backup system for morethan 5 days of 15 second water
level data on removable RAM-Pack. These modifications are installed at 40 sites.

Storm Surge Warnings

Similar modifications used by the Tsunami Warning System have been made to the field unit
to support the NWS Storm Surge Warning Program, especially on the east coast. Random satellite
messages can be either manually triggered via phone call or automatically triggered by pre-
configured limits and rate-of-changes being exceeded when a storm approaches the coast. The
random messages are received in headquarters and the near real-time high rate data decoded, and
predicted verses observed data become part of the NWS AFOS/AWIPS bulletins and are aso
disseminated using a Web site named “ Tides Online” (Burton, 2000)

D. Internet

NOS maintainsaWorld WideWeb site, http://nos.noaa.gov, which allows usersto have direct
access to NOS database holdings, aswell asthe ability to order selected specific products available
from NOS. CO-OPS aso maintains a web site, http://co-ops.nos.noaa.gov, where much of the
historic and near-real-time data collected, analyzed, and disseminated by CO-OPS are made
available. The CO-OPS home page provides direct access to the CO-OPS database and gives
external users awide range of choices of water level and environmental data. For example, data
from CO-OPSwater level stationsareavailabledirectly fromtheweb site. Historic monthly means,
hourly heights, highs and lows, six minute water level data, six months of tide predictions for
primary stations, and tidal datum information for NOS water level stations are available.
Oceanographic and meteorological data such as wind speed, directions and gust, air and water
temperature, and barometric pressure are availablefor selected sites. Theweb sitea so allowsusers
to access and download bench mark descriptions and elevations for over 1700 NOS water level
stations from all U.S. coastal states, view and/or download a list of stations for which data are
available, access some CO-OPS documents and reports, and submit comments. An additional
feature of the CO-OPS web siteisthe Tides Online feature which provides high rate near-real-time
predicted and observed tidal information and meteorological data during storm events for those
stations triggered by the event.

Also featured on the CO-OPSweb site are sel ected data and plots from the PORTS™ program.
PORTS™ providesdatasuch aswater levels, currents, and other oceanographic and meteorological
datafrom bays and harbors through the Internet, aswell asby telephone. Dataare availablefor the
following PORTS sites:. Tampa Bay, San Francisco Bay, New York/New Jersey Harbor,
Houston/Galveston, and Chesapeake Bay.

NOS also maintains the MapFinder which is a one-stop web site that provides direct Internet
access to primary NOS imagery and data holdings for coastal photography, nautical charts, coastal
survey maps, environmental sensitivity index maps, hydrographic surveys, water level stations, and
geodetic control points. NOS MapFinder provides a spatial index that allows users to identify
specific NOS products. Many of these are online as directly usable products that can be ordered
fromNOS. Water Level Stationinformationfrom NWLON isalso avail ablethroughthe MapFinder.
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As mentioned earlier, water level data are also available on the CO-OPS section of the web site.
Descriptions of the entire active continuous network of stations are available from the MapFinder.
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7. APPLICATIONS OF TIDAL DATUMS
Significance of Datums in Modern Applications

For marine applications, tidal datums are the reference planes from which measurements of
height and depth are made (Hicks, 1985), and from which marine boundaries are determined.
However, since the sea surface moves up and down in time intervals from seconds to geological
time, and in height from less than a millimeter to over 100 meters, this reference surface must be
mathematically defined. When the sea surface is mathematically defined by a statistical averaging
of the observed values of a particular phase of the tidal cycle (e.g., MLLW), it iscalled atidal
datum.

Asdiscussedin Chapter 4, thesetidal datumsare based on water level observationsfromawater
level measurement system, and transferred to land by differentia leveling between the tide
measurement system and local bench marks. The bench marks serve to preserve the tidal datum
elevations in case the measurement systems are removed, to maintain the station reference “zero”
for NWLON stations, and to be used by surveyors and engineers as vertical reference points. The
following is adiscussion of traditional and emerging applications of tidal datums.

A. Application to Hydrographic Surveys and Mapping Programs
Depths on Nautical Charts

The depths on nautical chartsin U.S. coastal waters are referenced to MLLW. On a nautical
chart, MLLW iscalled chart datum. Thereferencebase of the heightsof structureson nautical charts
(e.g, bridge clearances) is MHW. Wrecks, obstructions, and navigational hazards are charted in
depths below MLLW (seefigure 18).

MLLW, thelowest tidal datum computed by NOSfrom observed values, isused asthereference
plane to refer depths because of the practical advantages afforded to pilots (e.g., Shalowitz, 1962;
NOSHydrographic Manual, 1976). UsingMLLW providespilotswith amargin of safety consistent
with average meteorological conditions. At thelower low water phase of thetidal cycle, the depths
in anavigation channel areat aminimum. Thus, at lower low water, the pilot is able to ascertain
if the draft of the vessel approaches the minimum depth in a navigation channel. Using MLLW
complements the dredging operations used by the USACE to maintain and chart the navigation
channels.

Hydrographic Surveys

The purpose of ahydrographic survey isto determine the topography of the ocean floor and to
locate and describe all hazards and aids to navigation. Horizontally, surveys are referenced to the
North American Datum of 1983 (NAD 83) via measurements from GPS. Vertically, they are
referenced to atidal datum. Note that while GPS is based on the Department of Defense (DOD)
adopted standard of the World Geodetic System (WGS 84), NAD 83istheofficia horizontal datum
of the United States.
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TIDES-SUPPORT TO NAUTICAL CHARTING
HYDROGRAPHY APPLICATIONS
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Figure 18. Applications of tidal datum referencesto nautical charting.
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In hydrographic survey operations, in situ water level observations are required to reduce the
soundings to chart datum, MLLW. Each sounding that the ship makes s corrected for its vertical
and horizontal position at the time of the measurement. Corrected depths are depths of the water
relativeto chart datum (NOSHydrographic Manual, 1976). Detailed specificationsand deliverables
for tides and water levels are found in the NOS Hydrographic Surveys Specifications and
Deliverables(NOAA, 2000) document. Thedocument expresses hydrographic sounding error budget
considerationsfor the estimated allowabl e error contribution from all sources, including water level
measurement error, tidal datum computation error, and error in the application of tidal zoning. The
accurate computation of tidal datums at short-term stations installed during hydrographic surveys
isakey ingredient to applying accurate tide reducers to each sounding.

Tidal zoning isthe interpolation or extrapolation of atide curverelativeto MLLW away from
a known observational point on the shore. NOS presently uses discrete geographical zones using
Maplnfo Geographical Information System (GIS) to estimate tides in the middle of estuaries or
offshore on the continental shelf for hydrographic survey applications. NOS is conducting applied
research into new methodologies for the necessary tide corrections using interpolation of tidal
constituent amplitudes and phases and interpolation of residuals (Hess et al, 1999).

NOS s also investigating the use of RTK GPS for providing vertical control and reduction of
soundings to chart datum during hydrographic survey operations. USACE has also started
implementing the use of GPS for vertical control in their dredging operations and hydrographic
surveys of dredged channels (Deloach, 1995).

Shoreline Mapping

Tidal datums are required by NOS for conducting shoreline mapping. MHW is the NOS
defined shoreline on nautical charts (Hicks, 1981). However, given the uncertainty of thisshoreline
determination, NOS nautical charts should not be used for resolving property disputes. Aeria
photography taken at the stages of MHW and MLLW are used to delineate the shoreline at these
stages on nautical charts (seefigure 19). The photographstaken at MLLW are used to delineate the
State Submerged Lands, Territorial Sea, and Exclusive Economic Zoneon NOS charts, T-sheets, and
other output products. The delineation of marine wrecks and other navigational hazards are made
a MLLW. The majority of these aerial surveys use predicted tide heights. However, in some
surveys, the actual water level isused at the time of the photograph.

Two acts, the Rivers and Harbors Act and the Federa Water Pollution Control Act, give

USACE and EPA jurisdiction inthe Coastal Zone, respectively. Tidal datumsare used to determine
each agency’ s area of regulation, enforcement, and jurisdiction.

49



TIDES - SUPPORT TO NAUTICAL CHARTING
PHOTOGRAMMETRY APPLICATIONS
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Figure 19. Applications of tidal datums to remote sensing for shoreline mapping.

B. Navigation

Mariners navigating coastal waters are expected to consider local tide and tidal current
predictions, sea-state, and predictions of marine weather. Scheduling of the vessel may be adjusted
so that the estimated time of arrival coincideswith the most favorable conditions. Information may
be obtained from commercia publications based on NOS tide prediction products.

NOS publishes nautical charts of the waters of the U.S. and its territories (Coastal Mapping
Handbook, 1978). The chartsare produced by taking into account the basi ¢ hydrographic and water
level dataproduced by NOS. Inaddition, nautical chartsare the principle meansby which datafrom
other agencies are organized and disseminated to the mariner in arelevant manner. Thefull benefit
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of aids to navigation including improved channels and harbors, traffic separation schemes, and
navigation regulations are obtained when organized on a nautical chart.

Nautical charts, in areas with slowly changing bathymetry, arerevised every 4-12 years. More
active areas may be revised every 2-3 years, and the most active areas, may be revised every 6
months. Chartsare revised because of new aerial photographs of theregion, field generated dataon
shoaling, dredging in channels, changes to visual or electronic aids to navigation, and natural or
manmade changes to the shoreline or coastal structures.

Thelocal nautical chart isthe basis of decision-making in navigating a coastal region. On the
nautical chart are printed the depths, tidal ranges, location of the dredged channels, obstructionsand
aids to navigation, and landmarks, which provide the visual information necessary for safe
navigation and to determine location.

The predicted heights of thetidesfrom thetide tables are referenced to chart datum on thelocal
nautical charts, i.e., MLLW for U.S. Coastal waters. For foreign coasts, a datum approximating
mean low water springs, Indian spring low water, or thelowest possiblelow water isgenerally used.
In many countries, these datums are based on astronomical tide predictions, not observed water
levels asisthe practice of the U.S. The depression of the foreign datum below MSL isincluded in
the Tide Tables. A new international chart datum has been proposed to be Lowest Astronomical
Tide (LAT) which is defined as the elevation of the lowest predicted tide to occur over a 19-year
period.

Sincethe depth of water on the nautical chartsisreferenced to MLLW, mariners use the height
of the predicted tide is added to the depth shown on the chart to determine the predicted total water
depth. If the sign of the predicted height is positive, it should be added to the charted depth; if the
sign of the predicted height is negative, it should be subtracted from the charted depth. Use of
MLLW intheU.S. isaconservative loca reference plane at the lower low water phase of the tide
to ensure that the depth of the water will at |east approximately be the depth printed on the nautical
chart.

Changesin sealevel in the coastal zone are due not only to tides, but aso to winds, barometric
pressure, and freshets from river outflow. Onshorewinds or low barometric pressurewill causethe
water level to be higher than the predicted tide, while offshore winds or high barometric pressure
depresses sealevel relative to the predicted tides. Freshets or drought conditions may cause height
variations of more than plus or minus a foot, respectively, compared to the predicted tides.

ThePORTS™ isan NOS program that providesreal -timewater level, wind speed and direction,
current, water and air temperature datato vesselsin the estuaries or harbors of San Francisco, New
Y ork/New Jersey, Houston/Galveston, Tampa Bay, and Chesapeake Bay. These variables provide
detailed and local environmental conditions. Data quality assurance and control are exerted on the
environmental sensorsin PORTS™ (Mero, 1998). The CO-OPS program, CORMS, isamechanism
to monitor real-time data disseminated to the public on a 24 hour per day basis. If thedataisvalid
as determined by CORMS personnel, it is disseminated to the public viathe Internet (Rellly et al,
1998). Otherwise, dataiswithheld, and if necessary, sensor maintenanceis performed (e.g., Gill et
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al., 1997). A key to the correct application of real-time data is the knowledge of the MLLW
reference. Without accurate knowledge of thetidal datum, thereal-timewater levelswould have no
practical meaning for real-time navigation users. Asintraditional NOStide prediction products, all
PORTS™ water level information is disseminated (Internet text or graphic, or voice) referenced to
MLLW.

Amphibious landings and exercises, as well as other coastal operations conducted by the
military, require similar tidal information. NOS bathymetric data, nautical charts, and tidal
predictions are utilized by the U.S. Army, Marine Corps, Navy and the U.S. Coast Guard (USCG)
for planning and conducting these operations. NOS bathymetry and tidal predictions (or tidal
constituents from which predictions are made) referenced to tidal datums, are incorporated into
severa military guidesand decision aids. Applicationsinclude: determining clearancesfor landing
craft, determining beach widths, operating wave and surf modelsthat consider tidal effects on these
important parameters, and taking advantage of total knowledge for efficient supply transfer from
ships offshore over the beach.

C. Marine Boundaries

Although NOS is not responsible for the establishment of marine and coastal boundaries, it is
required to provide the tidal datums necessary to support these boundaries (Hull and Thurlow).
Chart datum, MLLW, isthe elevation of the baseline for many marine boundaries, including most
which are recognized by the United Nations Convention on the Law of the Sea (U.S. Department of
Sate Dispatch, 1995). However, baselines may differ in position for the purposes of different
statutes. Thebaselines(seeFigure 17) usually consist of pointsor line segmentson thesetidal datum
lines from which the marine boundaries are measured and constructed (e.g., Shalowitz, 1962; Hull
and Thurlow).

The marine boundaries of the U.S. are:
1. Private U.S. property exists in most cases landward of MHW.

2. State-owned Tidelands exist between MHW and MLW in most cases. Refer to Fig. 18 for
individual cases. U.S. Inland Waters are concurrently defined to exist between MHW and
MLW for the purpose of marine navigation.

3. The State's Submerged Lands Boundary extends seaward 3 nautical miles from MLW,
except for Texas and the Gulf coast of Floridawhereit terminatesat 9 nautical miles. Inthis
band, plus the state-owned tidelands, the states exercise the Public Trust Doctrine, subject
to federal supremacy (Putting the Public Trust Doctrine to Work, 1997).

4. TheTerritorial SeaBoundary extends 12 nautical miles seaward of MLLW. Itisalso known
astheMargina Sea, MarineBelt, MaritimeBelt, 12-MileLimit, and Adjacent SeaBoundary.
Historically, this boundary was 3 nautical miles; it was changed to its present 12 mile limit
in 1988 (U.S Department of State Dispatch, 1995). Inthe Territorial Sea, the sovereignty
of the nation extends to the airspace above, the subsoil, the water, and the resources.
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5. The Contiguous Zone Boundary occurs at 12 nautical milesfrom MLLW. IntheU.S,, the
Territorial Sea and Contiguous Zone are coterminous (U.S. Department of State Dispatch,
1995). Inthe contiguouszone, the nation may exerciserightsto protect itsinterests, but does
not exert sovereign control. Themain purpose of the contiguous zoneisto exert control over
shipping near anation’s coast. Referring to Fig. 20, under the United Nations Convention
on the Law of the Sea, a coastal nation may declare a Contiguous Zone between 12 and 24
nautical miles.

6. The200-mileFishery Conservation Zone extendsseaward fromMLLW (Hull and Thurlow).

7. The Presidential Proclamation 5030 of March 1983, established the (EEZ), which claimed
rights to living and mineral resources and jurisdiction of approximately 3.9 billion acres.
The baseline for demarcation of the EEZ isthe MLLW boundary of the Territorial Seaand
extends 200 nautical miles. It should be noted that different coastal nations have different
definitions of their ordinary low water. These definitions are not usually consistent with
NOS definitions.

TheMeanHighWater Line(MHWL) isthe coastal boundary between privateand state property with
the following exceptions (e.g., Shalowitz, 1962; Maloney and Ausness, 1974):

1. Maine, New Hampshire, Massachusetts, Pennsylvania, Delaware, Virginia, and Georgiause
the Mean Low Water Line (MLWL).

2. Texasusesthe Mean Higher High Water Line (MHHWL) when Spanish or Mexican grants
areinvolved.

3. Louisiana has adopted the civil law boundary of the line of highest winter tide.

4. In Hawaii, the upland owner has title to the upper reaches of the wash of the waves.

Figure 20 illustrates the marine boundaries that are allowed by the United Nations Convention
on the Law of the Sea (U.S Department of Sate Dispatch, 1995). Figure 17 illustrates the
application of the federal and state boundaries to the coastlines of the United States.

In order to map tidal boundaries such as MHWL or MLWL (e.g., Shalowitz, 1962; Hull and
Thurlow, 1981), and determine the latitude and longitude coordinates of their intersection with the
coast, the surveyor performs the following basic procedures:

1. Obtain the published bench mark information at or near the location.

2. Find thetidal bench marksand run aclosed line or loop of differential levelsfrom the bench

marks to that part of the shore where the boundary is to be located, run levels along the

shoreline, and mark or stake points at intervals along the shore in such a manner that the
ground at each point is at the elevation of thetidal datum.
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3. If theboundary isto be mapped, the horizontal distancesand directions, or bearings, between
each of these points and between those points or featuresin the area, and between the points
and the horizontal control stations are measured so that the boundary may be plotted on aplat
or map to the exact scale ratio and in true relation to other boundaries.
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D. Sea Level

Estimates of Sea Level Change

Therelative secular sealevel changeisreadily seen (Figure 21) when the yearly mean sealevel
is plotted against time. For datum computation, the NTDE is used as the fixed period of time for
determining tidal datums becauseit includesall significant tidal periods, islong enough to average
out the local meteorological effectson sealevel, and by specifying the NTDE, uniformity isapplied
toall thetidal datums. However, because of relative sealevel change, astheyearspass, tidal datums
become out of date for navigational purposes (Figures 22 and 23). Thus, anew NTDE must be
considered periodically (Hicks, 1980). NOS is reviewing the long-term sea level changes and
potential elevation changesto tidal datums across the NWLON and will soon be updating to a new

NTDE (Gill, 1998).
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Figure21. Relative sealevel change at severa locationsin the U.S.
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SEATTLE, WA - CHANGES IN TIDAL DATUMS OVER 4 TIDAL
EPOCHS
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Figure 22. The change in the values of the principle tidal datums over four epochs at Seattle,
WA. Thisrepresents a case where isostatic rebound nearly balances relative sealevel rise.
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Figure 23. Thechangein thevalues of the principletidal datums over four epochs at Baltimore.
Thisrepresents acase where subsidence and rel ative sealevel changerequirere-calculation of the
tidal datums for the most recent epoch.
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NOS publishes relative sea level trends from stations in the NWLON (see http//co-
ops.nos.noaa.gov under “publications’) for both the entire series lengths and for acommon period
1950-1993 for comparative purposes (see dso Lyles et al, 1988). These sealevel trends estimate
therate of changein sealevel relativetothelocal land at eachtidestation. They are“relative’ trends
and are made possible by the routine quality assurance of the data, the careful routine surveying of
the tide gauges to the local bench mark networks, and the monitoring of the vertical stability of
individual bench marks and the tide gauge structures. By themselves, the trends provide no
information as to what causes their magnitudes.

Relative secular sealevel changes are composed primarily of two components; oneis vertical
land movement, the second is changesin the global water balance. Vertical land movement may be
due to earthquakes, subsidence (downward) caused by the removal of oil or water or marsh
compaction, glacial isostatic rebound (upward) caused by the melting of the glaciers from the last
ice age of approximately 11,000 years ago, or by plate tectonics. The global water balance is
influenced to the degree that water is either stored in or melting from polar ice caps, the Greenland
ice sheet, and glaciers; stored in groundwater aquifers, lakes, and reservoirs; or changing in volume
due to ocean thermohaline changes. In addition, there are long-term effects of the changesin the
sizes of the ocean basins themselves due to crustal deformation. (NRC, 1990).

The vertical land movement component is known to dominate the relative sealevel variations
at many locations. For instance, at Skagway, Alaska, relative sealevel isfalling approximately 160
cm per century due to post glacial rebound of theland. At Grand Isle, Louisiana, relative sealevel
isrising at approximately 110 cm per century due to compaction of sediments and oil withdrawal
inthe Mississippi River deltaregion. Similarly, inthe Galveston Bay, Texasregion, thetide station
record at Galveston indicates the relative sealevel isrising at 75 cm per century.

Much of the activeresearchin sealevel analyses has been focused on the worldwidelong- term
tide gauge records and trying to determine what they can tell us about global sea level change.
Various selection criteriaand the use of post-glacia rebound models have been applied to the tide
station data to attempt to take out the record the vertical land movement component so that the
remaining signal would indicate true changes in global water balance (Douglas, 1991 and 1992).
Current estimates of global sealevel rise are between 10 cm and 20 cm per century (Douglas, 1991
and 1992; Pilkey, 1981; NRC, 1990).

The long-term effects of sealevel rise are difficult to assess. For example, the present rate of
20 cm per century sealevel change could result in ahorizontal retreat of the shoreline of 500 to 1500
ft in the next 100 years over some stretches of the U.S. Coast. On East and Gulf Coast beaches,
relative sealevel riseisaccompanied by lateral shorelineretreat ordersof magnitude greater thanthe
vertical rise in sea level because of the gentle sope of the coastal plain’s surface. The extent to
which shoreline retreat occurs is a function of the slope of the shore in low-lying areas. Cliffed
shorelinesretreat in catastrophic jumps. The evolution of coastal geomorphology isevident in the
historical nautical charts of NOS, suggesting the erosional character of much of the U.S. shoreline,
although the nautical charts should not be solely relied upon as proof.
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E. Coastal Engineering

Highwater datums (suchasMHW, MHHW) are applied to engineering design and construction
of coastal structures such as seaports, harbors, navigation channels, turning basins, docking areas,
bulkheads, seawalls, revetments, beach nourishment, breakwaters, offshore islands and platforms.

Carefully formulated desi gn consi derations, methodol ogies, and exampl e problemsare provided
intheU.S Army Coastal Engineering Research Center Shore Protection Manual Vols. I-111 (1998).
The USACE aso maintains alibrary of computer programs to assist in designing structures in the
ocean environment, and distributes scientific and engineering guidance in Coastal Engineering
Technical Notes (1979-present). The USACE has historically contributed to applies research for
the application of tidal datums to coastal engineering (see Harris, 1981 and Harris, 1966).

Coastal engineering begins with a thorough description and understanding of the marine
environment at the site of the proposed construction. The physical environment requires detailed
knowledge of the site location and conditions, bathymetry, and knowledge of water levels and
currents. Wave conditions generated locally by the wind and swell, as well as the modification of
waves by shoaling and refraction are considered. These shallow water wave modificationsare often
based on NOS bathymetric dataand charts with consideration of tidal variations. Waves generated
by extreme events such as hurricanes or tsunamis are often of importance. When currents are
determined, such asfor sediment transport cal culations or to calculate current forces on structures,
NOS bathymetric data, charts, and tidal characteristics may be considered, especialy if numerical
circulation models are used. The design height of most coastal and ocean structures requires
knowledge of the height of MLLW combined with the height of the astronomical tide, storm surge,
and waves. The height of the highest and lowest observed tides relative to the engineering project
datum are also valuable parameters.

The change in relative mean sea level may require that coastal engineers factor in effects of
long-term sea level rise. Sea level change generally leads to increased erosion and wave-
overtopping, both factors contributing to failure of astructure. Sealevel change may be accounted
for intwo ways. Thefirst isto build the structure with the projected sealevel change as a design
consideration. The second isto build the structure less expensively, and to factor in the future cost
of structure modification as required (NRC, 1987).

F. Warnings and Hazard Mitigation
Tsunamis

Many stationsinthe NWLON inthePacific are part of the Tsunami Warning Program (NOS,
1983). A tsunami waveisan ocean wave caused by an underwater earthquake, submarinelandslide,
or underwater volcano. Inthe open ocean atsunami wave is about 100 mileslong, afew feet high,
and travels about 600 miles per hour. The speed of atsunami isrelated to the depth of the ocean.
When it approaches the shore, a tsunami’s speed decreases, its length decreases, and its height
increases. High tsunamis threaten lives and property in the coastal zone. A tsunami alert is first
established through the seismographic network, mainly operated by the USGS. If an event is
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detected which could cause a tsunami, the tide gauges of the NWLON are monitored. Since
tsunamis travel at predictable speeds, arrival times can be determined throughout the Pacific.

Tsunamis affect the entire Pacific Ocean. Tsunamis may also effect the Atlantic, however, the
generaly greater tectonic activity of the Pacific Basin makes the occurrence of tsunamis greater in
the Pacific.  According to the Alaska Tsunami Warning Center (ATWC) web dite,
http://www.al aska.net/~atwc/, tsunamis can travel across the Pacificin lessthan aday. A tsunami
propagating from a nearby generation area may rise to height of over 30 m (100 ft), whereas a
tsunami propagating from a distant generation areamay rise to aheight of 15 m (50 ft). Tsunamis
of local origin may give communitiesonly afew minutesto respond. Moredistant tsunamisincrease
the length of the warning time, but also increase the probability of a costly falseaarm. The height
of the tide may affect the severity of the tsunami.

Responding to the potential for natural disaster posed by tsunamis has caused elaborate
interagency and international cooperative agreements. In the U.S., the interagency coordination
includes NOAA’s NOS and NWS, the USGS, and the Federal Emergency Management Agency
(FEMA). NOS providesthewater level dataand tidal datumsto measuretheinundation parameters.
NWS disseminates the warnings. USGS provides the seismic network to detect the tectonic
disturbance. FEMA responds to the natural disasters caused by the flooding. On an international
level, theInternational Tsunami Information Center (ITIC), locatedin Honolulu, Hawaii, coordinates
dissemination of warnings and humanitarian aid. The 25 member nations are: Australia, Canada,
Chile, China, Columbia, Cook Idands, Costa Rica, Democratic People' s Republic of Korea,
Ecuador, Fiji, France, Guatemala, Indonesia, Japan, Mexico, New Zealand, Nicaragua, Peru,
Phillippines, Republic of Korea, Russian Federation, Singapore, Thailand, United States, and
Western Samoa.

For the U.S,, chart datum, MLLW, isthe reference level to which the runup of the tsunami is
measured, http://www.alaska.net/~atwc. Runup is defined as the maximum height of the water
onshore observed above areference sealevel, usually measured at the horizontal inundation limit.
Thehorizontal inundation limit isdefined asthe inland limit of wetting measured horizontally from
the edge of the coast defined by mean sealevel. In contrast, the horizontal inundation distanceis
defined as the distance that a tsunami wave penetrates onto the shore, measured horizontally from
the mean sealevel position of thewater’ sedge. Thisdistanceis usually measured asthe maximum
distancefor aparticular segment of the coast. Inundation isdefined asthe depth, relativeto astated
reference level, to which a particular location is covered by water.

Storm Surges

A storm surge (Figures 24 and 25) results from winds and reduced pressure in a hurricane, or
a severe extra-tropical storm, (i.e., low-pressure system) traveling near the coast. By the inverse
barometer effect, the elevation of the sea surface is raised by about one or two feet, and measures
about 50 miles across (e.g., Frazier, 1979). Likethetsunami, asthisdome of water approachesthe
shallow water of the coast, its amplitude increases. Added to the storm surge are the waves due to
the onshore winds of the hurricane, plus the astronomical tides. During a storm surge event, the
surge and high waves cause injury and death, property damage, damage to structures, avulsion, and
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erosion. In fact, during powerful northeasters, the NWLON stations, their instruments, stilling
wells, protective wells, and piers may suffer varying degrees of damage. The surge may also
propagate into estuaries and rivers, causing high waters and associated flooding inland.

One hundred and fifty-six NWLON stations are connected to the NWS' local forecast offices.
Data are transmitted from the platform over the GOES satellite and then disseminated to NWS
regional officesviathe NWS Automation of Field Operationsand Services (AFOS). Inanon-storm
event mode, data from all 156 stations are transmitted every hour. A new feature allows Internet
access of event-triggered highrate GOES satellitedataduring storm events. NWSand CO-OPSweb
site users can obtain real-time graphical data of predicted and preliminary observed tides and
meteorological parameters from stations where they are installed. CO-OPS provides a suite of
automated products to NWS from the NWLON and from PORTS™ (Burton, 2000).

For simplicity, storm surge can be defined as the difference between the measured water levels
and the elevation of the astronomically predicted tide. In most tidal areas, the maximum height
reached by the storm surge is affected by the phase of the tide at the time of the surge and the stand
of local mean sealevel for that time of year. Spring tides may contributeto the overall damage and
flooding effects of storms, while neap tides generally, though not always, tend to reduce the
severeness. NOS publishestechnical reportsof damaging storms. Examplesaregiven by Deitemyer
(1993) and Zervaset al , 2000. Theinformation included is date, time, and height of the maximum
availablewater level above MLLW, MHHW, and National Geodetic Vertical Datum (NGV D 1929);
the date and height of the maximum historical water above MLLW. These datums are referenced
to the 1960-1978 epoch. About 5 hurricanes strike the United States coastline every 3 years. On
average, of thesefive, two are major hurricanes measuring acategory 3 or higher (defined ashaving
winds above 111 miles per hour) on the Saffir-Simpson Scale. These storms may cause billions of
dollarsin damages because of the construction of hotels, marinas, piers, homes, roads, bridges, and
other forms of infrastructure, at elevation levels 10-15 ft above MSL.
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EFFECTS OF TROPICAL STORM GORDON ON WATER LEVELS
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Figure 24. Elevated water levels due to the storm surge of tropical storm Gordon. In comparison
to water levels at St. Petersburg, more pronounced effects are evident at VirginiaKey.

CHARLESTON, SC - HURRICANE HUGO - HOURLY
OBSERVED AND PREDICTED WATER LEVELS AND
STORM SURGE

4 + 35
~ observed l3 =
o 357 N m
=2 37 Al T}
52 | =
— @25__ ~—
°E? o
Sz >
o= 2 S
= | (7]
©
>= 1.5 - g
Q@ . 2
Q 1__ "\:\‘ (/2]
0.5 ¢ ) P/
\ij N lIllllllllllllIlllllllllllllllllli|lllllIlIllh/;lllllllll
0 I};}!%%{:l:{{%}::}%:{}}}}:l:{I::}%{:HIlllllllllllllllllll|llll|lllll]lllllllIllll||ll|l|||l|ll -0.5
o o) o o o) o 2] o (o 2] o
O WD O O B Vo V2 0D Oy D
=. _o = Oo = =0 = _—e S e =28 SO0
o 92 O 96 N2 S N Yy No R
o5 o7 o ) 3] o o o o -
time (utc)

Figure 25. Observed, predicted, ans storm surge at Charleston, SC during hurricane Hugo.
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Emergency Management

Thewarnings of natural disasters dueto extreme oceanographic and meteorological eventsare
theresponsibility of NOAA’sNational Weather Service (NWS). Thelnternet addressfor near-real-
time warnings is http://iwin.nws.noaa.gov/iwin/nationalwarnings.html. Hurricane, flood, special
marine, winter storm, severe thunderstorm, flash flood, and tornado warnings are updated every
minute. The web site provides nationwide coverage of al warnings applicable to the U.S.

Planning for and responding to natural disasters is mainly the responsibility of the FEMA.
FEMA'’s Nationa Flood Insurance Program (NFIP) has played a critical role in fostering and
accel erating the principles of coastal flood management. Flood insuranceisavailableto flood-prone
communitiesthrough the NFIP, whichisadministered by FEMA. Prior tothe NFIP, flood insurance
was generally unavailable from the private sector and most states and local communities did not
regulate flood plain development. Instead dependence was placed on the construction of flood
control projectssuch asbreakwaters and seawallsto reduce flood damage. Despite the expenditures
of billions of dollarsfor these flood control projects, annual flood damages and disaster assistance
costswereincreasing at arapid pace. Inresponse to thisworsening situation, Congress created the
NFIP in 1968 to reduce flood losses and disaster relief cost by guiding future development away
from flood hazard areas where practicable, requiring flood resistant design and construction, and
transferring costs of losses to coastal occupants through flood insurance premiums.

According to FEMA, communities can reduce their vulnerability to hurricanes through the
adoption and enforcement of wind- and flood-resi stant building codes. Sound land-use planning can
also ensure that structures are not built in the highest hazard areas. Simple construction techniques
may also help. For example, coastal homes and businesses can be elevated to permit storm surges
to pass under living and working spaces. The height of the structure should be above the base flood
height (aflood height having acertain percent chance of being equaled or exceeded in agiven year).
Thebaseflood isdefined asthe 100-year flood, and isthe national basis of flood plain management
and flood insurance (FEMA, 1995). Flood Insurance Studies (FIS) are studiesto determine the risk
of flood in acommunity. An FIS for acommunity may combine information from hydrologic and
hydraulic studies, flood plain topographic surveys, information from flooded communities
themselves, and statistical records of river, tsunami, and storm surge floods (FEMA, 1996). Onthe
basisof the FIS, aFlood Insurance Rate Map (FIRM) isdevel oped to outline on aUSGS 7.5-minute
guadrangle the spatial extent of flooded areas in the event of a base flood. These areas are called
Specia Flood Hazard Areas (SFHAS) (FEMA, 1995). The SFHASs are identified on the FIRM by
the codes A, AE, AH, AO, AR, A1-30, A99, V, VE, and V1-30 (FEMA, 1996). The glossary that
defines the significance of the these codes is found in FEMA (1995). The horizontal datums that
define FIRM S may be North American Datum (NAD 27), NAD 83, Puerto Rico, Old Hawaiian, or
local. Thevertical datum may be NGV D 29, North American Vertical Datum (NAVD 88), or local
mean sea level.

Because of theinherent horizontal and vertical uncertaintiesassoci ated with maps, FEMA urges
that these FIRMS not be used for engineering studies, or for giving exact boundaries of SFHAS.
FEMA (http://www.fema.gov) delivers a caveat that “users must apply considerable care and
judgement in applying this product.”
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G. Modeling

Water levels, tides, storm surges, tsunamis, currents, temperature and salinity, and other
physical, chemical and biological properties of the ocean-atmosphere-terrestrial system may be
predicted by advanced hydrodynamical numerical models (e.g., Hsueh, et al., 1997). When
hydrodynamical models are used to predict either tides, water levels, tsunamis or storm surges, the
accuracy of their sea surface height fields are evaluated and calibrated by data obtained from
NWLON stations and their international counterparts (Schultzand Aikman, 1998; Le Provost et al .,
1995; Gerritsen et al., 1995). NOS bathymetric data and charts, referenced to tidal datums, also
provide bottom depth and coastline boundariesfor these models. Estuarinemodel shave operational
application to the navigation community especially in areas of low range of tide and significant
contribution to water level variations due to weather. The models are capable of providing more
accurate information on the forecasting of the actual water levels than traditional astronomical tide
prediction products alone (Bosley and Hess, 1997).

NOAA’sNWSisthelead civilian agency to develop and disseminate operational forecasts of
marine weather. For the mariner, weather forecasts are essential. The chief variables are water
level, current speed, water temperature and salinity, wind speed and direction, significant wave
height, period and direction, air temperature, and visibility. In addition, special marine weather or
severe oceanographic conditions due to hurricanes, storm surges and tsunamis are also publicly
available. Forecasts for hurricanes or high seas are available over the Internet at
http://www.nhc.noaa.gov. More standard marine forecasts including weather suitable for aviators
are available from http://www.ncep.noaa.gov.

Emerging model areas for which vertical tidal and geodetic datums are important is in the
topographic/bathymetric programs in numerical hydrodynamic models are run relative to specific
tidal datums and geodetic datums. Important GIS applications for flooding, storm surge and other
studies would result.

H. Other Vertical Datums and Their Relationship to Tidal Datums

When a position on the face of the earth is described accurately, it must be referenced in terms
of latitude, longitude, and height, or three-dimensionally. This is accomplished by referencing
positions in terms of vertical and horizontal datums. A geodetic or horizontal datum is a set of
parameters defining a coordinate system, and a set of control points whose geometric rel ationships
are known, either through measurement or calculation. Modern geodetic datums are defined with
respect to the center of the Earth, while historical geodetic datums are defined with respect to
fundamental points of the surface of the Earth.

Vertica datums allow determination of elevation or height. The zero surface to which
elevationsor heightsarereferrediscalled avertical datum. Traditionally, surveyorsand map makers
havetried to simplify thetask of determining elevation or height by using the average (or mean) sea
level asthe definition of zero elevation because the sea surface is available worldwide. However,
for alocal or regional area, there may be no tangible surface of the ocean from which to measure
height. Therefore, some other reference must be used.
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MSL isaclose approximation to another surface, defined by gravity, called thegeoid (Marmer,
1951). Thegeoid isthe most accurate representation of the Earth’ s shape and the true zero surface
for measuring el evations, just asgeodetic datumsarethetruereferencesused for determininglatitude
andlongitude. Thegeoid isthe shapethe ocean surfacewould haveif it were not in motion and only
influenced by gravity. To actually measure the heights above or bel ow the geoid surfaceis difficult.
Where this surface is located is inferred by making gravity measurements and by modeling it
mathematically. The geoid isnot the same as MSL; however, for practical purposes, one assumes
that at the coastline the geoid and the MSL surfaces are essentially the same (Marmer, 1951).
Gravity varies because the mass of the Earth varies dueto differencesin topography and the density
of underlying materials.

Mariners use avariety of techniques and equi pment to measure heights. Because assumptions
are made, there is no guarantee that each technique will produce the same height measurement.
Although amap or chart may state that heights are referenced to M SL, height measurement systems
may not give exactly equivalent results. Different applications need heights and elevations with
respect to different zero surfaces.

Inorder to understand the differencesin vertical measurementsand their representation on maps
and charts or on the display of a piece of equipment, it is necessary to understand the differences
between the topographic surface, ellipsoidal surface, and the geoid. The topographic surface is
simply the actual visible surface of the Earth. A flattened sphere, which is called a spheroid or an
ellipsoid, is used to represent the geometric model of the Earth. The reference ellipsoid is a
mathematical model which approximatestheirregular shape of thegeoid. Asmentioned earlier, the
geoid, which is approximated by MSL, isthe zero surface as defined by the Earth’ s gravity. Many
reference ellipsoids are in use which minimize differences between the geoid and the ellipsoid for
individual countriesor continents. Themost accurate global ellipsoidisthe World Geodetic System
(WGS 84). The geoid deviates slightly from the simpler WGS 84 reference ellipsoid due to local
variationsin topography and density of the Earth. For most of the Earth, the deviation between the
mean sealevel, geoid and the WGS84 Datum iswithin + 40 meters. Asmentioned earlier, locations
on the Earth’s surface must be defined in terms of horizontal position and vertical elevation.
Presently, positions shown on some USGStopographic quadrangle mapsare specified relativeto the
NADB83, which was based on the global WGS 84 ellipsoid.

MSL, as defined by NOS, is the local mean sea level determined over a specific NDTE and
should not be confused with the fixed datums of the National Geodetic Reference System, the
NGVD 1929 (previoudly referred to as the Sea Level Datum of 1929), or the NAVD 88.

NGVD 1929 is a fixed datum adopted as a standard geodetic reference for heights. It was
derived from a general adjustment of the first order leveling nets of the U.S. and Canada, in which
MSL was held fixed based on observations at 26 stations in the U.S. and Canada. Numerous
adjustmentshave been madeto theseleveling netssinceoriginally establishedin 1929. NGV D 1929
isno longer maintained by NGS as the official geodetic reference datum for the U.S. and has been
superceded by NAVD8S8.



Theofficial vertical reference datum, NAVD 88, and International Great Lakes Datum of 1985
(IGLD 85) are both based upon asimultaneous, | east-squares, minimum constrai nt adjustment of the
Canadian-Mexican-U.S. leveling observations. The height above local mean sea level for the
primary bench mark at Father Point/Rimouski, Quebec, Canada was held fixed as the single
constraint.
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Figure26. Anillustration of the principal tidal datumsand their rel ationship to the geodetic datum
NGVD 1929 for atypical mixed tide curve.

These fixed geodetic datums (e.g., NGVD 1929 and NAVD 88) do not take into account the
changing stands of sea level and because they represent a “best” fit over a broad area, their
relationship to local mean sealevel differs from one location to another. Figure 26 illustrates the
tidal datums with respect to a typical mixed tide curve. Mean High Water Springs (MHWS) isa
tidal datum defined as the arithmetic mean of the high water heights occurring at the time of the
spring tides during the NTDE. Mean Low Water Springs (MLWS) isatidal datum defined as the
arithmetic mean of thelow water heights occurring at the time of the spring tidesduring the NTDE.
Figure 27 illustrates how the elevation of the tidal datums change in relationship to the geodetic
datums proceeding up atidal river. The slopesof the changesin tidal datumsrelativeto NAV D88,
in this example, are highly dependent on changesin Mn. Theillustration shows why tidal datums
elevations, aswell astheir relationshi psto geodetic datums, should not be extrapol ated too far from
known locations without knowledge of the tidal characteristics of the estuary, bay, or river.
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Figure 27. Tidal datums and geodetic datums for the St. Johns River.

Topographic Quadrangle Maps

The USGS isthe lead civilian agency in data acquisition for elevation data of theland. This
data is widely disseminated on USGS topographic maps. According to the USGS Web site,
http://mapping.usgs.gov, the shoreline on USGS 7.5-minute quadrangle maps, and 7.5-minute
Digital Electronic Models (DEMs) isdefined asMHW. Typicaly, land elevations on USGS maps
arereferenced to NGVD 1929. Usually, NGVD 1929 is defined as the zero contour for elevations
aMSL.

The 7.5-minute DEM is cast on a Universal Transverse Mercator (UTM) projection. These
maps have a scale of 1:24,000. Thismeansthat 1 inch represents about 2000 ft, or 1 cm represents
about 240 m. These elevation products have aroot mean squared error (rmse) of 7 m asthe desired
vertical accuracy. The maximum error permitted is 15 m. According to USGS, an error dueto a
blunder of 50 m would be the absolute error tolerancein the vertical. On a 7.5-minute quadrangle,
the purpose of the contours is primarily to indicate relief, and the contour interval is selected
primarily to indicate spatial gradientsin the vertical. Hence, accuracy isrelated to one-half of the
contour interval. In the horizontal, 7.5-minute DEMs have a horizontal accuracy of 12.2 m (40 ft)
for 90% of all horizontal pointstested by USGS (USGSFact Sheet 078-96, 1997). Accuracy testing
occursat several well-defined pointsin the 7.5-minute quadrangl e, such as at theintersection of two
roads, or ahill top. Since accuracy testing occurs throughout the quadrangle, this ensures that the
elevation contours are internally consistent. The National Imagery and Mapping Agency (NIMA)
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provides as a rule-of-thumb that maps of this scale may have a horizontal error as large as 50 m
(NIMA, 1998).

On aUSGStopographic map, awater body is assigned a constant elevation (USGS, Standards
for Digital Elevation Models, 1997). Oceansor estuariesat “mean sealevel,” aretypically assigned
an elevation value of zero (i.e.,, NGVD 1929). However, the geometry of the mapped water body
is, in part, afunction of the aerial photogrammetry at the time of the survey. Inlow-lying coastal
areas of gentle slopes, water bodies have different sizes, depending on Mn and thetime of the survey
relative to the tidal phase. Water bodies that do not have a published elevation are assigned an
interpolated el evation which does not exceed the highest contour that approximates the shoreline of
the water body. Swamps and marshes that join magjor water bodies at a particular elevation are
forced to the elevation of the water body. Note that NGVD 1929 is not equal to MSL, MHW, or
nautical chart datum, MLLW. All other inland water bodies are assigned an el evation referenced to
NGVD 1929.

. Tidal Datums and GPS

The impact of GPS technology on geodetic control surveys has been immense (Leick, 1990).
The heights obtained from GPS arein adifferent height system than those historically obtained with
traditional geodetic leveling. In the past, line-of-sight instrumentation was relied on to develop
horizontal and vertical coordinates. With GPS, ground station intervisibility isno longer required,
and surveys can be performed with much longer lines. Also, different instruments and survey
techniques were used to measure horizontal and vertical coordinates, leading to two different
networks with little overlap. GPS, on the other hand, is a three-dimensional system.

Implementing theuseof differential GPS (DGPS) technol ogy and procedureshasgreat potential
for application to marine surveying and mapping and has strong linkages to tidal datums and their
operational application (Martin, 1999). There are several distinct applicationsfor using DGPS: 1)
to support the development of a seamless, geocentric reference system for the acquisition,
management, and archiving of NOS water level data which will provide anationally and globally
consistent digital database which will comply with the minimum geospatial metadata standards of
the National Spatial Data Infrastructure and connect the NOS water level database to the NGS
NSRS, 2) to establish transformation functions between chart datum (MLLW) and the geocentric
reference system to support NOS 3-dimensional hydrographic surveys and the implementation of
Electronic Chart Display and Information Systems (ECDIS). Integration of DGPS proceduresinto
CO-OPS PORTS™ operations will ensure safe and efficient navigation and cost-effective water-
bourne commerce; 3) to use DGPS-derived orthometric heights to support water level datum
transfers; and 4) to use DGPS at NWLON stations to monitor crustal motions (horizontal and
vertical) in support of global climate change investigations.

To meet the requirements of these applications, NOS is establishing field requirements for the
following: 1) conducting static DGPS surveys on a minimum of one bench mark at all NWLON
stations and connecting additional GPS-observable marks during the static survey using rapid static
GPS procedures to verify bench mark stability with priority will be given to connecting to NSRS,
particularly NAV D 88 bench marks; 2) conducting static DGPS surveys on aminimum of one bench
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mark at subordinate water level stationswith an accepted MLLW value (on current official NTDE)
and connect additional GPS-observable marks during the static survey using rapid static GPS
procedures to verify bench mark stability with priority given to connecting to NSRS, particularly
NAVD 88 bench marks; 3) conducting static DGPS surveys on a minimum of one bench mark at
new temporary water level stations upon installation and connecting additional GPS-observable
marks during the static survey using rapid static GPS proceduresto verify bench mark stability with
priority given to connecting to NSRS, particularly NAV D 88 bench marks; and 4) conducting static
DGPS surveys at water level stations concurrently with the occupation of NAVD 88 marks to
accomplish water level datum transfers using GPS-derived orthometric heights (NGS 1997).

GPS-derived orthometric heights can be accurately determined and used for water level datum
transfers when following the established guidelinesfor 3-D precise relative positioning to measure
ellipsoid heights, properly connecting to several NAVD 88 bench marks, and using the latest high-
resolution model ed geoid heightsfor the areaof interest. In many remotelocations, the use of GPS-
derived orthometric heightsfor datumtransfer will be moreefficient (timely) and more cost-effective
than theuse of conventional differential surveyingtechniquesand may, under certain circumstances,
preclude the installation of additional water level stations to establish a datum.

An éellipsoid height (h) isthe distance from apoint on the Earth’ s surface measured along aline
perpendicular to amathematically-defined reference ellipsoid. GPSisused to measuretheellipsoid
height of apoint relativeto the reference ellipsoid, which presently isWGS84. WGS 84 is an earth-
centered, earth-fixed coordinate system. Seethe Defense M apping Agency (DMA) Technical Report,
Department of Defense World Geodetic System 1984, DMA TR 8350.2 for adefinition of WGS 84
and relationships with other geodetic systems. For the purpose of determining GPS-derived
orthometric heights, WGS 84 and the NAD 83 are essentially the same datum. Thisisimportant to
understand when choosing a geoid model for the orthometric height computation. An orthometric
height (H) is the distance from a point on the Earth’ s surface measured along a line perpendicular
to areference geoid. The difference between the ellipsoid height and the orthometric height is the
geoid height (N). The following simple relationship is used to determine GPS-derived orthometric
heights:

where Hgs isthe GPS-derived orthometric height, histhe ellipsoid height measured with GPS, and
N is a modeled geoid height using the latest high resolution geoid model, which currently is
GEOID96. GEOID96 supports the direct conversion of NAD 83 ellipsoid heights to NAVD 88
orthometric heights. Access the NGS Web site, http://www.ngs.noaa.gov, to obtain and download
available information on geoid models.

J. Environmental Applications: Wetlands, Marine Sanctuaries, NOAA’s Trust Resources
Wetlands

Wenzel and Scavia (1993) point out that coastal wetlands, among the Earth’s most productive
ecosystems, are often filled, drained, dredged, or polluted. Wetlands are aso lost because of the
congtruction of canals, waterways, and diversion of sediment to the offshoreregion. They are nurseries
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for fish, mollusks, and shrimp, and are homes to many species of birds and other animals. Wetlands are
generaly marshes, svamps, and mangroveforests. Thesearegenerdly cdassfied asback-barrier marshes,
estuarine marshes, and tidal-freshwater marshes. Wetlands are anatural part of coastal recreation, serve
to protect water quality, and help to prevent beach erosion. Wetlands account for most of the land within
1 m above MHW (NRC, 1987).

Ecologicad conditions in wetlands range from marine to terrestrid.  The controlling factors are
generdly light, temperature, salinity, oxygen, geologica/geomorphic processes, tidal and wave energy.
A rise in sea level may cause a landward progression of biota, anong other things. However, the
ecologica response may involve acomplex set of interrel ationships, depending upon the type of marsh
(NRC, 1987).

In response to the loss of wetlands, severa Federa agencies are involved in their scientific
observation and mapping, as well as in the regulatory process. For example, NOAA isengaged in a
nation-wide effort to map wetlands and perform habitat change anadysis Wenzel and Scavia (1993).
Section 10 of the Federad River and Harbors Act, Section 404 of the Federa Clean Water Act, and
Executive Order 11988 on flood-plain management (NRC, 1987) establish permit requirements for
actions that affect waterways and wetlands. In generd, the philosophy of USACE and EPA is to
discourage the issuance of a permit if the activity will alter wetlands, or to negotiate so that thereis no
net loss of wetlands. The Coastal Zone Management (CZM) Program isavoluntary partnership between
the federal agencies and state governments.  According to the Office of Ocean and Coasta Resource
Management (OCRM), a totd of 27 coastal states and five idand territories have developed CZM
programs, which protect more than 99% of the nations 95,000 miles of oceanic and Great Lakes
coadtline. Tida datum information in NOS products and archives may be used to help delineate CZM
boundariesand jurisdictions. A summary of ongoing NOAA applied research effortsto monitor coastal
wetland lossdueto increasein sealeve in the Chesapeake Bay using tide gauge dataand DGPS dataare
found in Nerem et a, 1998.

On nautica charts, NOS generaly does not provide the MHWL on the ground in marsh areas. In
wetlands, the MHWL is generdly obscured. The MHWL in a wetlands will meander, be difficult to
locate by an aerid photograph, and require a ground survey to map the tida datums onto the land. In
genera, NOS surveys are made for nautical charts, and on the charts, the seaward edge of the wetlands
isshown asthe shoreline (Hull and Thurlow). This procedureis adequate for navigational purposes, but
is not a shordine for boundary purposes in wetlands.

Recent emerging applications of tidal datums and geodetic datumsis exemplified by the Hamilton
Marsh Restoration Project (USACE, 1999) in which CO-OPS and NGS are supporting the NOS ORR,
the USACE, and local constituenciesin the San Francisco Bay Areain restoring the Hamilton marsh by
providing geodetic e evation maps using DGPS surveys and tidal datum and tidal prism information tied
to geodetic datums. Knowing the elevations of the vertical reference datums are critical to a successful
restoration process.

Additionaly, the use of long term continuoudy operating GPS measurements co-located with long
term sealevel measurements has been initiated in the Chesapeake Bay to support further understanding
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and prediction of the roles of relative sealevel rise and land subsidence on coastal wetland loss (Nerem
et a 1998).

Marine Sanctuaries

TheMarine SanctuariesAct, U.S. Code 16, Conservation, Chapter 32, Marine Sanctuaries, extends
Federd regulation into the ocean relm. The Marine Sanctuaries Act extends federa regulatory
jurisdiction to the EEZ boundary, determined by MLLW. Maps depicting the boundaries of Marine
Sanctuaries are drawn by using the tidal datums (e.g., MLLW) as the primary reference line. The act
defines the term "marine environment,” to be “those areas of coastal and ocean waters, the Great Lakes
and their connecting waters, and submerged lands over which the United States exercises jurisdiction,
including the exclusive economic zone, consstent with international law.” Within this zone, the
Secretary of the Department of Commerce may, “provide a coordinated and comprehensive approach
to the conservation and management of special areasof themarineenvironment.” The Secretary, among
other things, must consider “the present and potentid activitiesthat may adversely affect the sanctuary”;
the Secretary must work within aframework of “existing State and Federal regulatory and management
authorities gpplicable to the area and the adequacy of those authorities’; consider the managesability of
the area, including such factors as its Size, its ability to be identified as a discrete ecologica unit with
definable boundaries, its accessibility, and its suitability for monitoring and enforcement activities’;
assess” . . . the public benefits to be derived from sanctuary status, with emphasis on the benefits of
long-term protection of nationaly significant resources, vital habitats, and resources which generate
tourism’; evauate “ . . . the negative impacts produced by management restrictions on
income-generating activities such as living and nonliving resources development.”

According to the Marine Sanctuaries Act, in the case that a “nationd marine sanctuary . . . is
located partidly or entirely within the seaward boundary of any State, the Governor affected may attest
“to the Secretary that the designation of any of its terms is unacceptable, in which case the designation
or the unacceptable term shall not take effect in the area of the sanctuary lying within the seaward
boundary of the State.” See the earlier section on state marine boundariesin thisreport. The Secretary
may issue specia use permits which “establish conditions of access to and use of any sanctuary
resource,” provided that “an activity . . . is compatible with the purposes for which the sanctuary is
designated and with protection of sanctuary resources.”

NOAA's Trust Resources

The NOS Office of Response and Restoration (ORR) hasthe primary responsibility within NOAA
to implement these Marine Sanctuary regulations and those which follow from the Endangered Species
Act and the Marine Mammal Protection Act. ORR provides decison makers with comprehensive
scientific information on the resources of the nation's coastal areas, estuaries, and oceans.

The Damage Assessment Division (DAD) is an essential part of NOAA's effort to meet natural
resource trustee responsibilities delegated to the agency by the Secretary of Commerce. Under the
Comprehensive Environmental Response, Compensation, and Liability Act (Superfund), the Clean Water
Act, the QOil Pollution Act of 1990, and the National Marine Sanctuaries Act, NOAA serves as the
primary federa trustee for coasta and marine resources. Trust resources include commerciad and
recreational fishery resources; anadromous species; endangered and threatened marine speciesand their
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habitats, marinemammals, coasta habitats, and resources associated with marine sanctuaries and national
estuarineresearch reserves. The Director ORR isthe delegated authority to act asthe " designated official”
(i.e., the trustee) in executing natura resource authorities.

The DAD mission is to restore coastal and marine resources that sustain injury from oil spills or
hazardous materia releases. DAD pursues this specific, results-oriented mission to reverse human
impacts on coastal systems through the following approach: 1) assessesinjury to NOAA trust resources
caused by spillsand chronic releases of hazardous materialsor oil; 2) devel opsplansfor restoring injured
resources and replacing lost natural resource services-these plans serve as the basis for damage claims;
and 3) recovers restoration funds from polluters through negotiation or legal action. No other federa
agency isatrustee for these natura resources and, therefore, only NOAA would pursue damage actions
to restore coastal resources.

Damage assessment actions fill a unique niche in NOAA's stewardship portfolio by directly
restoring injured coastal resources using funds recovered from those responsible for causing the injury.
Sinceitsinceptionin 1990, NOAA's Damage Assessment and Restoration Program has recovered more
than $150 million for the restoration of NOAA trust resources. These funds are now being used to
implement approximately 20 restoration projects around the country.

The Hazardous Materids Response and Assessment (HAZMAT) Divison aso conducts
state-of-the-art science, and directly applies the results for injury assessment and restoration planning.
HAZMAT provides an incentive for industry to follow environmenta ly-responsi ble business practices,
thusavoidstherisk of natura resourceliability and helps state and federal trustee agencies devel op more
effective programs for restoring natural resources.

A primary tool for the biological description of coastal zones and marine sanctuaries is the
Environmental Sensitivity Index (ESI) maps. According to HAZMAT,
http://response.restoration.noaa.gov/esi/esiintro.html, three primary kinds of information are displayed:
shordline rankings, biologica resources, and human-use resources. The classfication scheme is
described in Environmental Sengitivity Index Guidelines. Version 2.0 (NOAA, 1997). Briefly, the
shoreline classification is ranked on ascale of one through ten based on the natural persistence of oil and
its ease of cleanup. A shoreline classified as “one’ would typicaly be exposed to high wave and tida
current energy, have a steep dope, be composed of bedrock, and have biologica resources in low-
concentrations of individuals. A shorelineranked as*“ten” would be nearly devoid of tidal energy, would
have aflat dope, be composed of mud, and have high biological value. Biological resources are mapped
according to species. For each species, the spatia boundaries of their ecologica niches are mapped. A
brief listing is provided below (the interested reader should consult the documentation for more detail s):

Marine Mammals S concentration areas, migratory areas.

Terrestril Mammals S concentration aress, intertidal feeding, endangered species.

Birds S concentration areas, rookeries, migratory patterns, endangered species.

Reptiles and Amphibians S concentration areas, nesting beaches, endangered species.

Fish S concentration areas, spawning grounds, nurseries, endangered species.

Invertebrates S concentration areas, harvest areas, endangered species.

Habitats and Plants S concentration areas, sub-tidal, intertidal, wetland, and upland species.
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Shoreline habitats are indicated by a color-coded ranking scheme. The designation of coastal
habitats are indicated by a color line with no dimension. The maps handle gentle-doping coastal areas
with large tidal ranges, and hence wide intertidal zones, by filling in the entire area from low-water to
high-water with the habitat classification color. If wetland data is available, the entire extent of the
wetland isfilled with a color code. Both the seaward edge and the landward edge are indicated.

Lastly, the boundaries of recreational and management areas, resource extraction sites, and cultura
resources are delineated on ESl maps. The management areas include, among other things, marine
sanctuaries, national wildlife refuges, national and State parks, and reserves and preserves set up by
various agencies and organizations.
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9. GLOSSARY

A

absolute mean sea leve change.
A eudtatic change in mean sea level relative to the geographic center of the Earth.

accepted values

Tidal datums, tidal ranges and Greenwich high and low water intervals obtained through primary
determination or through secondary determination through s multaneous observationa comparisonsmade
with a primary control tide station in order to derive the equivalent of a 19-year value.

ADR gauge
Anaog to Digital Recorder. A float or pressure actuated water level gauge that records the heights at
regular time intervasin digital format. The NOS gauges typically output 6-minute interval data onto

punched-paper-tape.

air acoustic ranging sensor

A pulsed, acoustic ranging device using the air column in a tube as the acoustic sound path. The
fundamental measurement is the time it takes for the acoustic signal to travel from atransmitter to the
water surface and then back to the receiver. The distance from areference point to the water surface is
derived from the travel time. A calibration point is set at afixed distance from the acoustic transducer
and is used to correct the measured distance using the caibrated sound velocity in the tube.

air temperature sensors
Thermistors located in the protective well of a NGWLMS for the purpose of verifying uniformity of
temperature for measurements taken by the air acoustic ranging sensor.

apogean tides or apogean tidal currents

Tides of decreased range or currents of decreased speed occurring monthly as the result of the Moon
being in apogee. The apogean range (An) of the tide is the average range occurring a the time of
apogean tides and is most conveniently computed from the harmonic constants. It is smaller than the
mean range, where the type of tide is either semidiurnal or mixed, and is of no practica significance
where the type of tide is predominantly diurnal.

apogee
The point in the orbit of the Moon or man-made satellite farthest from the Earth. The point in the orbit

of asatdllite farthest from its companion body.

apparent secular trend

The nonperiodic tendency of sea level to rise, fall, or remain stationary with time. Technicaly, it is
frequently defined as the dope of aleast-squares line of regression through arelatively long series of
yearly mean sea-leve vaues. Theword "gpparent” isused sinceit is often not possible to know whether

79



atrend is truly nonperiodic or merely a segment of a very long (relative to the length of the series)
oscillation.

automatic tide gauge

An instrument that automatically registers the rise and fdl of the tide. In some instruments, the
registration isaccomplished by recording the heights at regular timeintervasindigita format; in others,
by a continuous graph of height againgt time. The automatic gauges used in the past by the Nationa
Ocean Service were of both types.

B

bench mark (BM)

A fixed physical object or mark used as reference for avertical datum. A tidal bench mark is one near
atide station to which atide staff and tidal datums are referred. A primary bench mark is the principal
(or only) mark of agroup of tidal bench marks to which the tide gauge measurements and tidal datums
arereferred. Thestandardtidal bench mark of the National Ocean Serviceisabrass, bronze, or aluminum
aloy disk 3-%2inchesin diameter containing the inscription NATIONAL OCEAN SERVICE together
with other individua identifying information. A vertical geodetic bench mark identifiesasurveyed point
in the National Geodetic Vertical Network. Most geodetic bench mark disks contain the inscription
VERTICAL CONTROL MARK NATIONAL GEODETIC SURVEY with other individual identifying
information. Bench mark disks may also be horizonta control pojnts and are so designated on their
stampings. Bench mark disks of either type may, on occasion, serve simultaneoudy to reference both
tidal and geodetic datums. Numerousbench marksof predecessor organi zationsto NOS, or partsof other
organizations absorbed into NOS, still bear the inscriptions: U.S. COAST & GEODETIC SURVEY,
NATIONAL OCEAN SURVEY, U.S. LAKE SURVEY, CORPS OF ENGINEERS, and U.S.
ENGINEER OFFICE.

bubbler tide gauge

NOS has used thistype of gas-purged pressure water level gaugein various configurationsover timeand
istypically configurewith abrasscylindrical orifice below thewater linked through alength of neoprene
rubber tubing to a bellows mechanism (historically) or a strain-gauge or crystal oscillator pressure
transducer (present) to measure the water level eevation above the orifice. NOS systems use nitrogen
gas supplied from asupply tank at the station. Because the bellows or the transducers are vented to the
atmosphere, barometric pressure corrections to obtain water level relative to the land are not required.

C

chart datum

The datum to which soundings on a chart are referred. It is usually taken to correspond to a low-water
elevation. Since 1989, chart datum has been implemented to mean lower low water for all marinewaters
of the United States, its territories, Commonwedlth of Puerto Rico, and Trust Territory of the Pacific
Idands. See datum and National Tidal Datum Convention of 1980.
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Coadgt and Geodetic Survey

A former name of the National Ocean Service. The organization was known as. The Survey of the Coast
from itsfounding in 1807 to 1836, Coast Survey from 1836 to 1878, Coast and Geodetic Survey from
1878 to 1970, and Nationa Ocean Survey from 1970 to 1982. In 1982 it was named National Ocean
Service. From 1965 to 1970, the Coast and Geodetic Survey was a component of the Environmental
Science Services Adminigtration (ESSA). The National Ocean Survey was acomponent of the National
Oceanic and Atmospheric Administration (NOAA). NOAA becamethe successor to ESSA in 1970. The
National Ocean Service isacomponent of NOAA, U.S. Department of Commerce.

coad line
The low water datum line for purposes of the Submerged Lands Act (Public Law 31). See shoreline.

coagtal boundary

Themean high water line (MHWL) or mean higher high water line(MHHWL) whentidd linesareused
asthe coastal boundary. Also, lines used as boundariesinland of and measured from (or points thereon)
the MHWL or MHHWL. See marine boundary.

coagtal zone (legal definition for coastal zone management)

The term coastal zone means the coastal waters (including the lands therein and thereunder) and the
adjacent shorelands (including the waters therein and thereunder), strongly influenced by each and in
proximity to the shorelines of the severd coastal states, and includesidands, transitional and inter-tidal
areas, salt marshes, wetlands, and beaches. The zone extends, in Great Lakeswaters, to the international
boundary between the Unites States and Canada and in other areas seaward to the outer limit of the
United Statesterritoria sea. The zone extendsinland from the shorelines only to the extent necessary to
control shorelands, the uses of which haveadirect and significant impact on the coastal waters. Excluded
from the coastal zone are lands the use of which isby law subject solely to the discretion of or whichis
held in trust by the Federa Government, its officers, or agents.

comparison of Smultaneous observations

A tida datum reduction processin which ashort series of tide or tidal current observations at any place
iscompared with Ssmultaneousobservationsat acontrol stationwheretida or tidal current constantshave
previoudy been determined from a long series of observations. For tides, it is usualy used to adjust
congtants from a subordinate station to the equivaent of that which would be obtained from a |9-year
series.

congtituent

One of the harmonic eements in a mathematica expression for the tide-producing force and in
corresponding formulas for the tide or tidal current. Each constituent represents a periodic change or
variation in the relative positions of the Earth, Moon, and Sun. A single congtituent isusualy writtenin
theformy =A cos(at + «), iInwhichy isafunction of time as expressed by the symbol t and is reckoned
from a specific origin. The coefficient A is caled the amplitude of the constituent and is a measure of
itsrelativeimportance. Theangle (at + «) changes uniformly and itsvaue at any timeis caled the phase
of the congtituent. The speed of the constituent istherate of changein its phase and is represented by the
symbol ain the formula The quantity ais the phase of the constituent at the initia instant from which
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thetimeis reckoned. The period of the constituent is the time required for the phase to change through
360° and is the cycle of the astronomical condition represented by the constituent.

control sation
See primary control tide station, secondary control tide station, and control current station.

data collection platform (DCP)

A microprocessor based system that collects data from sensors, processes the data, stores the datain
random access memory (RAM), and provides communication links for the retrieva or transmission of
the data.

D

datum of tabulation

A permanent base eevation at atide gtation to which al tide gauge measurements are referred. The
datum isuniqueto each station and is established at alower elevation than the water is ever expected to
reach. It isreferenced to the primary bench mark at the station and isheld constant regardlessif changes
to the tide gauge or tide staff. The datum of tabulation is most often at the zero of the firgt tide staff
ingtalled.

datum (vertical)

For marine applications, a base elevation used as a reference from which to reckon heights or depths. It
iscdled atidal datum when defined interms of acertain phase of thetide. Tidal datumsareloca datums
and should not be extended into areas which have differing hydrographic characteristics without
substantiating measurements. In order that they may be recovered when needed, such datums are
referenced to fixed points known as bench marks. See chart datum.

diurnal

Having a period or cycle of approximately onetidal day. Thus, thetide is said to be diurnal when only
one high water and onelow water occur during atidal day, and thetida current issaid to be diurna when
thereisasingle flood and asingle ebb period of areversing current in thetidal day. A rotary current is
diurna if it changes its direction through al points of the compass once each tidd day. A diurna
congtituent is one which has asingle period in the constituent day. The symbol for such aconstituent is
the subscript 1. See stationary wave theory and type of tide.

diurnal inequality

The difference in height of the two high waters or of the two low waters of each tidal day; aso, the
difference in speed between the two flood tidal currents or the two ebb currents of each tidal day. The
difference changes with the declination of the Moon and, to alesser extent, with the declination of the
Sun. In generd, theinequality tends to increase with increasing declination, either north or south, and to
diminish as the Moon approaches the Equator. Mean diurna high water inequality (DHQ) is one-half
the average difference between the two high waters of each tidal day observed over the Nationa Tidal
Datum Epoch. It is obtained by subtracting the mean of al the high waters from the mean of the higher
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high waters. Mean diurnd low water inequdity (DLQ) isone-haf theaverage difference between thetwo
low waters of each tidal day observed over the Nationa Tidal Datum Epoch. It is obtained by subtracting
the mean of the lower low waters from the mean of al the low waters. Tropic high water inequaity
(HWQ) is the average difference between the two high waters of each tidal day at the times of tropic
tides. Tropic low water inequality (LWQ) isthe average difference between the two low waters of each
tidal day at the times of tropic tides. Mean and tropic inequalities, as defined above, are gpplicable only
when thetype of tideiseither semidiurna or mixed. Diurnd inequality is sometimes called declinational

inequality.

diurnal range
Same as gresat diurna range.

diurnal tide leve
A tidal datum midway between mean higher high water and mean lower low water.

duration of riseand duration of fall

Duration of riseistheinterval fromlow water to high water, and duration of fall istheinterval from high
water to low water. Together they cover, on an average, aperiod of 12.42 hours for a semidiurnd tide
or aperiod of 24.84 hoursfor adiurnal tide. In anorma semidiurnal tide, duration of rise and duration
of fal each will be approximately equa to 6.21 hours, but in shallow waters and in rivers there is a
tendency for a decrease in duration of rise and a corresponding increase in duration of fall.

E

earth tide
Periodic movement of the Earth's crust caused by gravitationa interactions between the Sun, Moon, and
Earth.

edliptic
The intersection of the plane of the Earth's orbit with celestia sphere.

epoch

(2) Also known as phase lag. Angular retardation of the maximum of a constituent of the observed tide
(or tidal current) behind the corresponding maximum of the same condtituent of the theoretical
equilibrium tide. It may also be defined as the phase difference between a tidal congtituent and its
equilibrium argument. Asreferred to the local equilibrium argument, its symbol is k. When referred to
the corresponding Greenwich equilibrium argument, it is called the Greenwich epoch that has been
modified to adjust to a particular time meridian for conveniencein the prediction of tidesisrepresented
by g or by k'. The relations between these epochs may be expressed by the following formula
G=k+pL

g=k'=G-aS/15

inwhich L isthe longitude of the place and Sisthe longitude of the time meridian, these being taken as
positive for west longitude and negative for east longitude; p isthe number of congtituent periodsin the
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congtituent day and is equa to O for al long-period congdtituents, 1 for diurna congtituents, 2 for
semidiurna congtituents, and so forth; and a is the hourly speed of the condtituent, al angular
measurements being expressed in degrees. (2) As used in tidal datum determination, it is 19-year cycle
over which tidal height observations are averaged in order to establish the various datums. Asthere are
periodic and apparent secular trends in sea level, a specific 19-year cycle (the Nationa Tida Datum
Epoch) is selected so that al tida datum determinations throughout the United States, its territories,
Commonwesdlth of Puerto Rico, and Trust Territory of the Pacific Idands, will haveacommon reference.
See National Tidal Datum Epoch.

equatorial tides
Tidesoccurring semimonthly asaresult of the M oon being over the Equator. At thesetimesthetendency
of the Moon to produce adiurnal inequdity in the tideis at a minimum.

equilibrium argument

Thetheoretical phase of acongtituent of the equilibrium tide. It isusudly represented by the expression
(V + u), inwhich V isauniformly changing angular quantity involving multiples of the hour angle of
the mean Sun, the mean longitudes of the Moon and Sun, and the mean longitude of lunar or solar
perigee; and u is a dowly changing angle depending upon the longitude of the Moon's node. When
pertaining to aninitial instant of time, such as the beginning of a series of observations, it is expressed
by (V, + u).

equilibrium theory

A model under whichit isassumed that the waters covering the face of the Earth instantly respond to the
tide-producing forces of the Moon and Sun to form a surface of equilibrium under the action of these
forces. The modd disregards friction, inertia, and the irregular distribution of the land masses of the
Earth. The theoretical tide formed under these conditions is known as the equilibrium tide.

equilibrium tide
Hypothetica tide due to the tide producing forces under the equilibrium theory. Also known as
gravitationa tide.

equinoctial tides
Tides occurring near the times of the equinoxes.

equinoxes

The two pointsin the celestia sphere where the celestid equator intersects the ecliptic; aso, the times
when the Sun crosses the equator at these points. The verna equinox isthe point where the Sun crosses
the Equator from south to north and it occurs about March 21. Celestia longitude is reckoned eastward
from the verna equinox. The autumna equinox is the point where the Sun crosses the Equator from
north to south and it occurs about September 23.

equipotential surface
Same as geopotentia surface.



estuary

Anembayment of the coast inwhich fresh river water entering at itshead mixeswith therelaively saline
ocean water. When tidal action is the dominant mixing agent it is usualy termed atida estuary. Also,
thelower reachesand mouth of ariver emptying directly into the seawheretida mixing takesplace. The
latter is sometimes called ariver estuary.

eustatic sea leved rate
The worldwide change of sealevel devation with time. The changes are due to such causes as glacial
melting or formation, thermal expansion or contraction of sea water, €etc.

extreme high water
Thehighest elevation reached by the seaasrecorded by atide gauge during agiven period. The Nationd
Ocean Service routindy documents monthly and yearly extreme high waters for its control stations.

extreme low water
The lowest elevation reached by the sea as recorded by atide gauge during agiven period. The Nationa
Ocean Service routindy documents monthly and yearly extreme low water for its control stations.

F

firs reduction
A method of determining high and low water heights, timeintervals, and rangesfrom an arithmetic mean

without adjustment to along-term series through simultaneous observational comparisons.

float well
A dtilling well in which the float of afloat-actuated gauge operates. See stilling well.

forced wave
A wave generated and maintained by a continuous force. See gravity wave.

Fourier series

A series proposed by the French mathematician Fourier about the year 1807. The series involves the
sines and cosines of whole multiples of avarying angle and is usudly written in the following form:
y=A,+A;Inx+A,sn2x+A;sn3x +... B, cosx + B, cos2x + B; cOs 3X + ...

By taking a sufficient number of terms the series may be made to represent any periodic function of x.

freewave
A wave that continues to exist after the generating force has ceased to act.
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G

geodetic datum
See National Geodetic Vertical Datum of 1929 and North American Vertical Datum of 1988.

geopotential
Theunit of geopotentia difference, equal to the gravity potential of 1 meter squared per second squared,
m?/ <, or 1 joule per kilogram, J/ kg.

geopotential anomaly (delta D)
The excess in geopotentia difference over the standard geopotential difference [at a standard specific
volumeat 35 parts per thousand (°/oo) and O degrees C] between isobaric surfaces. See geopotentia and

geopotentia topography.

great diurnal range (Gt)
The difference in height between mean higher high water and mean lower low water. The expresson
may also be used in its contracted form, diurna range.

great tropic range (Gc)
The difference in height between tropic higher high water and tropic lower low water. The expression
may also be used in its contracted form, tropic range.

Greenwich argument
Equilibrium argument computed for the meridian of Greenwich.

Gulf Coast Low Water Datum (GCLWD)
A tidal datum. Used as chart datum from November 14, 1977, to November 27, 1980, for the coastal
waters of the Gulf coast of the United States. GCLWD isdefined asmean lower |low water whenthetype
of tideis mixed and mean low water (now mean lower low water) when the type of tideisdiurnal. See
Nationa Tida Datum Convention of 1980.

geopotential difference
The work per unit mass gained or required in moving a unit mass vertically from one geopotential
surface to another. See geopotential, geopotential anomaly, and geopotential topography.

geopotential (equipotential) surface
A surface that is everywhere norma to the acceleration of gravity.

geopotential topography

The topography of an equiscalar (usually isobaric) surface in terms of geopotentia difference. As
depicted on maps, isopleths are formed by the intersection of the isobaric surface with a series of
geopotential surfaces. Thus, thefield of isopleths representsvariationsin the geopotential anomaly of the
isobaric surface above a chosen reference isobaric surface (such as alevel of no motion).
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H

half-tide leve
A tidd datum. The arithmetic mean of mean high water and mean low water. Same as mean tide level.

harmonic analyss
The mathematical process by which the observed tide or tidal current at any placeis separated into basic
harmonic congtituents.

har monic constants
The amplitudes and epochs of the harmonic constituents of the tide or tidal current a any place.

har monic prediction
Method of predicting tides and tidal currents by combining the harmonic congtituents into asingle tide
curve. Thework is usualy performed by electronic digital computer.

head of tide

Theinland or upstream limit of water affected by thetide. For practica application in thetabulation for
computation of tidal datums, head of tideistheinland or upstream point where the mean range becomes
lessthan 0.2 foot. Tida datums (except for mean water level) are not computed beyond

high tide
Same as high water.

high water (HW)

The maximum height reached by arising tide. The high water is due to the periodic tidal forcesand the
effects of meteorological, hydrologic, and/or oceanographic conditions. For tidal datum computational
purposes, the maximum height is not considered a high water unlessit contains atidal high water.

high water line
The intersection of the land with the water surface at an elevation of high water.

high water mark

A lineor mark left upon tide flats, beach, or along shore objects indicating the eevation of theintruson
of highwater. The mark may bealine of oil or scum on aong shore objects, or amore or |ess continuous
deposit of fine shell or debris on the fore shore or berm. This mark is physica evidence of the general
hei ght reached by wave run up at recent high waters. It should not be confused with the mean high water
line or mean higher high water line.

higher high water (HHW)

The highest of the high waters (or single high water) of any specified tidal day due to the declination Al
effects of the Moon and Sun.
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higher low water (HLW)
Thehighest of the low waters of any specified tidal day dueto the declination Al effects of the Moonand
Sun.

hydrographic datum
A datum used for referencing depths of water and the heights of predicted tides or water level
observations. Same as chart datum. See datum.

Indian spring low water

A datum originated by Professor G. H. Darwin when investigating the tides of India. It is an elevation
depressed below mean sea level by an amount equa to the sum of the amplitudes of he harmonic
condituents M, S,, K,, and O..

Indian tide plane
Same as Indian spring low water.

International Great Lakes Datum (1955) [IGLD (1955)]

Mean water level at Pointe-au-Pere, Quebec, on the Gulf of St. Lawrence over the period 1941 through
1956, from which geopotentia e evations (geopotential differences) throughout the Great Lakes region
aremeasured. Thetermisoften used to mean the entire system of geopotential €l evationsrather than just
the referenced water level. See low water datum (1).

International Hydr ographic Organization (formerly Bureau)

An ingdtitution consisting of representatives of a number of nations organized for the purpose of
coordinating the hydrographic work of the participating governments. It had itsoriginin the International
Hydrographic Conference in London in 1919. It has permanent headquarters in the Principality of
Monaco and is supported by funds provided by the member nations. Its principal publications include
the Hydrographic Review and specia publications on technical subjects.

international low water

A hydrographic datum originaly suggested for internationa use at the International Hydrographic
Conference in London in 1919, and later discussed at the Monaco Conference in 1926. The proposed
datum, which has not yet been generally adopted, wasto be "aplane so low that the tide will but seldom
fal below it." Thisdatum wasthe subject of the Internationa Hydrographic Bureau's Specia Publication
No. 5 (March 1925) and No. 10 (January 1926), reproduced in the Hydrographic Review for May 1925
and July 1926.

intertidal zone (technical definition)
The zone between the mean higher high water and mean lower low water lines.
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inverse barometer effect
Theinverseresponse of sealevel to changesin aimospheric pressure. A static reduction of 1.005 mb in
amospheric pressure will cause a stationary riseof 1 cm in sealevel.

K

Ky

Lunisolar diurna constituent. This congtituent, with O,, expresses the effect of the Moon's declination.
They account for diurnal inequality and, at extremes, diurna tides. With P, it expressesthe effect of the
Sun's declination. Speed = 15.041,068,6° per solar hour.

K
Lunisolar semi diurnal congtituent. This constituent modul ates the amplitude and frequency of M, and
S, for the declination Al effect of theMoon and Sun, respectively. Speed =30.082,137,3" per solar hour.

kappa (k)
Name of Greek |etter used as the symbol for a constituent phase lag or epoch when referred to the local
equilibrium argument and frequently taken to mean the same aslocal epoch. See epoch (1).

kappa prime (x”)
Name of Greek letter (with prime mark) used as the symbol for a constituent phase lag or epoch when
the Greenwich equilibrium argument (G) hasbeen modified to aparticular timemeridian. Sameasg. See

kappa (k) and epoch (1).

L

L,
Smaller lunar éliptic semi diurna constituent. This constituent, with N, modulates the amplitude and
frequency of M, for the effect of variation in the Moon's orbital speed duetoitseliptical orbit.

Speed = 29.528,478,9° per solar hour.

lagging of tide
The periodic retardation in the time of occurrence of high and low water due to changesin the relative
positions of the Moon and Sun.

lambda

Smaller lunar evectiona congtituent. Thisconstituent, with v,, u,, and (S,), modulatesthe amplitude and
frequency of M, for the effects of variation in solar attraction of the Moon. This attraction resultsin a
dight pear-shaped lunar élipse and adifferencein lunar orbital speed between motion toward and away
from the Sun. Although (S,) has the same speed as S,, its amplitude is extremely small. Speed =
29.455,625,3° per solar hour.
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latitude
The angular distance between aterrestrial position and the equator measured northward or southward
from the equator along a meridian of longitude.

level of no motion
A leve (or layer) a which it is assumed that an isobaric surface coincides with a geopotential surface.
A levd (or layer) a which there is no horizontal pressure gradient force.

level surface
See geopotentia surface as preferred term.

littoral zone

In coastal engineering, the area from the shoreline to just beyond the breaker zone. In biological
oceanography, it isthat part of the benthic division extending from the high water line out to a depth of
about 200 meters. Thelittora systemisdivided into aeulittoral and sublittoral zone, separated at adepth
of about 50 meters. Also, frequently used interchangeably with intertidal zone.

long period waves (long waves)
Forced or free waves whose lengths are much longer than the water depth. Seetidal wave and tsunami.

longitude

Angular distancein agrest circle of reference reckoned from an accepted origin to the projection of any
point on that circle. Longitude on the Earth's surface is measured on the Equator east and west of the
meridian of Greenwich and may be expressed either in degrees or in hours, the hour being taken asthe
equivalent of 15° of longitude. Celestid longitude is measured in the ecliptic eastward from the vernal
equinox. The mean longitude of a celestia body moving in an orhbit is the longitude that would be
attained by a point moving uniformly in the circle of reference at the same average angular velocity as
that of the body, with theinitia position of the point so taken that itslongitude would be the same asthat
of the body at a certain specified position in its orbit. With acommon initial point, the mean longitude
of abody will be the same in whatever circle it may be reckoned.

low tide
Same as low water.

low water (LW)

The minimum height reached by afalling tide. The low water is due to the periodic tidal forces and the
effects of meteorological, hydrologic, and/or oceanographic conditions. For tidal datum computational
purposes, the minimum height is not considered alow water unlessit contains atidal low water.

low water datum (LWD)

(1) The geopotential elevation (geopotential difference) for each of the Great Lakes and Lake St. Clair
and the corresponding sloping surfaces of the St. Marys, St. Clair, Detroit, Niagara, and St. Lawrence
Riversto which are referred the depths shown on the navigationa charts and the authorized depths for
navigation improvement projects. Elevations of these planes are referred to IGLD (1955) and are Lake
Superior 600.0 feet, Lakes Michigan and Huron 576.8 feet, Lake St. Clair 571.7 feet, Lake Erie 568.6
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feet, and Lake Ontario 242.8 feet. (2) An approximation of mean low water that has been adopted as a
standard reference for alimited area and is retained for an indefinite period regardless of the fact that it
may differ dightly from a better determination of mean low water from a subsequent series of
observations. Used primarily for river and harbor engineering purposes. Boston low water datum is an
example.

low water equinoctial prings

Low water springs near the times of the equinoxes. Expressed in terms of the harmonic constants, it is
an elevation depressed below mean sea level by an amount equa to the sum of the amplitudes of the
congtituents M,, S,, and K.,.

low water line
The intersection of the land with the water surface at an elevation of low water.

lower high water (LHW)
Thelowest of the high waters of any specified tidal day dueto the declination Al effects of the Moon and
Sun.

lower low water (LLW)
The lowest of the low waters (or single low water) of any specified tida day due to the declination
effects of the Moon and Sun.

lower low water datum (LLWD)

An gpproximation of mean lower low water that has been adopted as a standard reference for alimited
areaand isretained for an indefinite period regardless of the fact that it may differ dightly from a better
determination of meanlower low water from asubsequent seriesof observations. Used primarily for river
and harbor engineering purposes. Columbia River lower low water datum is an example.

lunar day

The time of the rotation of the Earth with respect to the Moon, or the interval between two successive
upper transtsof the Moon over the meridian of aplace. The mean lunar day isapproximately 24.84 solar
hours in length, or 1.035 times as great as the mean solar day.

lunar tide
That part of the tide on the Earth due solely to the Moon as distinguished from that part due to the Sun.

lunisolar tides

Harmonictida congtituents K ;, and K, which are derived partly from the development of the lunar tide
and partly from the solar tide, the congtituent speeds being the same in both cases. Also, the lunisolar
synodic fort nightly constituent MSf.

lunitidal interval

Theinterval between the Moon's trangit (upper or lower) over the loca or Greenwich meridian and the
following high or low water. The average of al high water intervalsfor al phases of the Moonisknown
as mean high water lunitidal interval and is abbreviated to high water interval (HWI). Similarly, mean
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low water lunitidal interval isabbreviated to low water interva (LWI). Theinterva is described aslocal

or Greenwich according to whether the referenceisto the trangit over the local or Greenwich meridian.
When not otherwise specified, the reference is assumed to be local. When there is considerable diurnal

inequality in the tide, separate intervals may be obtained for the higher high waters, lower high waters,
higher low waters, and lower low waters. These are designated respectively ashigher high water interva

(HHWI), lower high water interval (LHWI), higher low water interval (HLWI), and lower low water
interval (LLWI). In such cases, and aso when the tide is diurndl, it is necessary to distinguish between
the upper and lower transit of the Moon with reference to its declination. Intervalsreferred to the Moon's
upper trangit at the time of its north declination or the lower transit at the time of south declination are
marked a. Intervalsreferred to the Moon'slower trangt at the time of its north declination or to the upper
trangt at the time of south declination are marked b.

M

M,

Smadler lunar dliptic diurna constituent. This constituent, with J;, modulates the amplitude of the
declinational K, for the effect of the Moon's dliptical orbit. A dightly Sower constituent, designated
(M), with Q,, modulates the amplitude and frequency of the declinationa O,, for the same effect.
Speed = 14.496,693,9° per solar hour.

M,
Principa lunar semidiurnal constituent. This constituent representsthe rotation of the Earth with respect
to the Moon. Speed = 28.984,104,2° per solar hour.

M 3
Lunar terdiurna congtituent. A shallow water compound congtituent. See shallow water constituent.
Speed = 43.476,156,3" per solar hour.

M,, Mg, My

Shalow water overtides of principa lunar constituent. See shallow water constituent.
Speed of M, =57.968,208,4° per solar hour.

Speed of My = 86.952,312,7° per solar hour.

Speed of Mg = 115.936,416,9° per solar hour.

marigram
A graphic record of the rise and fal of the water. The record is in the form of acurve in which timeis
generaly represented on the abscissa and the height of the tide on the ordinate. See tide curve.

marine boundary
The mean lower low water line (MLLWL) when used as a boundary. Also, lines used as boundaries
seaward of and measured from (or points thereon) the MLLWL. See coastal boundary.

mean diurnal tidelevel (MDTL)
A tidal datum. The arithmetic mean of mean higher high water and mean lower low water.
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mean high water (MHW)

A tidal datum. The average of al the high water heights observed over the National Tidal Datum Epoch.
For gtations with shorter series, smultaneous observationa comparisons are made with a control tide
station in order to derive the equivaent datum of the National Tidal Datum Epoch.

mean high water line (MHWL)
The line on a chart or map which represents the intersection of the land with the water surface at the
elevation of mean high water. See shoreline.

mean higher high water (MHHW)

A tida datum. The average of the higher high water height of each tidal day observed over the National
Tidal Datum Epoch. For stationswith shorter series, smultaneous observational comparisons are made
with a control tide station in order to derive the equivalent datum of the Nationa Tidal Datum Epoch.

mean higher high water line(MHHWL)
The line on a chart or map which represents the intersection of the land with the water surface at the
elevation of mean higher high water.

mean low water (MLW)

A tida datum. Theaverage of dl thelow water heights observed over the National Tidal Datum Epoch.
For stations with shorter series, smultaneous observationa comparisons are made with a control tide
station in order to derive the equivaent datum of the National Tidal Datum Epoch.

mean low water line(MLWL)
The line on a chart or map which represents the intersection of the land with the water surface at the
elevation of mean low water.

mean low water prings(MLWYS)

A tida datum. Frequently abbreviated spring low water. The arithmetic mean of the low water heights
occurring at thetime of spring tides observed over the National Tidal Datum Epoch. It isusudly derived
by taking an €l evation depressed bel ow the haf-tidelevel by an amount equal to one-half the spring range
of tide, necessary corrections being applied to reduce the result to amean vaue. This datum is used, to
a consderable extent, for hydrographic work outside of the United States and is the level of reference
for the Pacific approaches to the Panama Candl.

mean lower low water (MLLW)

A tidal datum. The average of the lower low water height of each tidal day observed over the Nationa
Tidal Datum Epoch. For stations with shorter series, smultaneous observational comparisons are made
with a control tide station in order to derive the equivalent datum of the National Tidal Datum Epoch.

mean lower low water line (MLLWL)

The line on a chart or map which represents the intersection of the land with the water surface at the
elevation of mean lower low water.
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mean range of tide (Mn)
The difference in height between mean high water and mean low water.

mean rise
The height of mean high water above the elevation of chart datum.

mean rieinterval (MRI)

The averageinterval between thetransit of the Moon and themiddie of the period of therise of thetide.
It may be computed by adding half the duration of rise to the mean low water interva, rgecting the
semidiurna tidal period of 12.42 hours when greater than this amount. The mean rise interval may be
either loca or Greenwich according to whether it is referred to the local or Greenwich transt.

mean river leve

A tida datum. The average height of the surface of atida river a any point for al stages of the tide
observed over the Nationa Tidal Datum Epoch. It isusually determined from hourly height readings. In
rivers subject to occasiond freshets, the river level may undergo wide variations and, for practica
purposes, certain months of the year may be excluded in the determination of the tidal datum. For
charting purposes, tidal datumsfor riversare usually based on observationsduring sel ected periodswhen
theriver isat or near alow water stage.

mean sea level (MSL)
A tidal datum. The arithmetic mean of hourly heights observed over the National Tidal Datum Epoch.
Shorter series are specified in the name; e.g., monthly mean sealevel and yearly mean sealevel.

mean tideleve (MTL)
Same as hdf-tide levd.

mean water level (MWL)
A datum. The mean surface eevation as determined by averaging the heights of the water a equal
intervals of time, usually hourly. Mean water level isused in areas of little or no range in tide.

mean water leve line(MWLL)
The line on a chart or map which represents the intersection of the land with the water surface at the
elevation of mean water level.

meteorological tides

Tida congtituentshaving their origin in thedaily or seasona variationsin wegther conditionswhich may
occur with some degree of periodicity. The principa meteorological constituentsrecognized in thetides
are Sa, Ssa, and S;. See storm surge.

Metonic cycle

A period of dmost 19 years or 235 lunations. Devised by Meton, an Athenian astronomer who lived in
thefifth century B.C., for the purpose of obtaining a period in which new and full Moon would recur on
the same day of the year. Taking the Julian year of 365.25 days and the synodic month as 29.530,588
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days, we have the |9-year period of 6,939.75 days as compared with the 235 lunations of 6,939.69 days,
adifference of only 0.06 day.

Mf
Lunar fort nightly constituent. This constituent expresses the effect of departure from a sinusoida
declination Al motion. Speed = 1.098,033,1° per solar hour.

mixed (tide)
Type of tide characterized by a conspicuous diurna inequality in the higher high and lower high waters
and/or higher low and lower low waters. See type of tide.

Mm
Lunar monthly congtituent. This constituent expresses the effect of irregularities in the Moon's rate of
change of distance and speed in orbit. Speed = 0.544,374,7° per solar hour.

modified epoch
See kappa prime and epoch (1).

MSt
Lunisolar synodic fort nightly constituent. Speed = 1.015,895,8° per solar hour.

mu (y, )
Variationd constituent. See lambda. Speed = 27.968,208,4° per solar hour.

N

N
Rate of change (as of January 1, 1900) in mean longitude of the Moon's node. N = 0.002,206,41° per
solar hour.

N,
Larger lunar dliptic semi diurna congtituent. See L, Speed = 28.439,729,5° per solar hour.

2N,
Lunar liptic semi diurna second-order constituent. Speed = 27.895,354,8° per solar hour.

National Geodetic Vertical Datum of 1929 [NGVD (1929)]

A fixed reference adopted asastandard geodetic datum for €l evationsdetermined by leveling. Thedatum
was derived for surveys from a general adjustment of the first-order leveling nets of both the United
States and Canada. In the adjustment, mean sealevel washeld fixed asobserved at 21 tide stationsin the
United States and 5 in Canada. The geodetic datum now in use in the United States is the National
Geodetic Vertical Datum. Theyear indicatesthetimeof thegeneral adjustment. A synonymfor Sea-level
Datum of 1929. The geodetic datum is fixed and does not take into account the changing stands of sea
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level. Because there are many variables affecting sea level, and because the geodetic datum represents
abest fit over abroad area, the relationship between the geodetic datum and local mean sealevel is not
consstent from one location to another in either time or space. For this reason, the National Geodetic
Vertica Datum should not be confused with mean sealevel. NGV D(1929) has been superceded for use
by NAVDS8.

National Tidal Datum Convention of 1980

Effective November 28, 1980, the Convention: (1) establishes one uniform, continuous tidal datum
system for al marine waters of the United States, its territories, Commonwedlth of Puerto Rico, and
Trust Territory of the Pacific Idands, for the first timein its history; (2) provides atida datum system
independent of computations based on type of tide; (3) lowerschart datum from mean low water to mean
lower low water along the Atlantic coast of the United States; (4) updates the Nationa Tidal Datum
Epoch from 1941 through 1959, to 1960 through 1978; (5) changes the name Gulf Coast Low Water
Datum to mean lower low water; (6) introduces the tidal datum of mean higher high water in areas of
predominantly diurnal tides; and (7) lowers mean high water in areas of predominantly diurnal tides. See
chart datum.

National Tidal Datum Epoch

The specific 19-year period adopted by the National Ocean Service as the official time segment over
which tide observations are taken and reduced to obtain mean values (e.g., mean lower low water, etc.)
for tidal datums. It is necessary for standardization because of periodic and gpparent secular trendsin sea
level. Thepresent National Tidal Datum Epochis1960 through 1978. Itisreviewed annually for possible
revison and must be actively considered for revision every 25 years.

National Water Level Observation Network (NWLON)

The network of tide and water level stations operated by the National Ocean Service dong the marine
and Great Lakes coasts and idands of the United States. The NWLON is composed of the primary and
secondary control tide stations of the National Ocean Service. Distributed along the coasts of the United
States, this Network provides the basic tidal datums for coasta and marine boundaries and for chart
datum of the United States. Tide observations at a secondary control tide station or tertiary tide station
arereduced to equivaent |9-year tida datumsthrough the compari son of s multaneous observationswith
aprimary control tide station. In addition to hydrography and nautical charting, and to coastal and marine
boundaries, the Network is used for coastal processes and tectonic studies, tsunami and storm surge
warnings, and climatemonitoring. TheNationa Water Level Observation Network a soincludesstations
operated throughout the Great Lakes Basin. The primary network is composed of 54 stes with 139
seasonad gauge Sites selectively operated 4 months annually for the maintenance of IGLD. The network
supports regulation, navigation and charting, river and harbor improvement, power generation, various
scientific activities, and the adjustment for verticad movement of the Earth's crust in the Great Lakes
Basin.

neap range
See neap tides.
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neap tidesor tidal currents

Tides of decreased range or tidal currents of decreased speed occurring semimonthly asthe result of the
Moon being in quadrature. The negp range (Np) of thetide isthe average range occurring at the time of
neap tides and is most conveniently computed from the harmonic constants. It is smaller than the mean
range where the type of tideisether semi diurna or mixed and is of no practical significance wherethe
typeof tideispredominantly diurnal. Theaverage height of the high waters of the neap tideis called neap
high water or high water neaps (MHWN) and the average height of the corresponding low waters is
caled neap low water or low water negps (MLWN).

Next Generation Water Levd Measurement Sysem (NGWLMYS)
A fully integrated system encompassing new technol ogy sensors and recording equipment, multiple data
transmission options, and an integrated data processing, analysis, and dissemination subsystem.

node cycle

Period of approximately 18.61 Julian years required for the regression of the Moon's nodesto complete
acircuit of 360° of longitude. It is accompanied by a corresponding cycle of changing inclination of the
Moon'sorhit relative to the plane of the Earth's Equator, with resulting inequalitiesin theriseand fall of
the tide and speed of thetida current.

North American Vertical Datum of 1988 (NAVD 88)

A fixed referencefor elevations determined by geodetic leveling. The datum was derived from agenera
adjustment of the first-order terrestrial leveling nets of the United States, Canada, and Mexico. In the
adjustment, only the height of the primary tidal bench mark, referenced to the International Gresat Lakes
Datum of 1985 (IGLD 85) Loca mean sealevel height value, at Father Point, Rimouski, Quebec, Canada
was held fixed, thus providing minimum constraint. NAVD 88 and IGLD 85 are identical. However,
NAVD 88 bench mark values are given in Helmert orthometric height unitswhile IGLD 85 values are
indynamic heights. See International Great Lakes Datum of 1985, Nationa Geodetic Vertical Datum of
1929, and geopotential difference.

nu (v,)
Larger lunar evectiona congtituent. See lambda. Speed = 28.512,583,1° per solar hour.

O

0O,
Lunar diurnal constituent. See K; Speed = 13.943,035,6° per solar hour.

oceanogr aphy

Oceanography is the science of al aspects of the oceans, in spite of its etymology. The term,
oceanography, however, implies the interrelationships of the various marine sciences of which it is
composed. This connotation has arisen through the historical development of marine research in which
it has been found that a true understanding of the oceansis best achieved through investigations based
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on the redlization that water, its organic and inorganic contents, motions, and boundaries are mutualy
related and interdependent.

00,
Lunar diurnal, second-order, constituent. Speed = 16.139,101,7° per solar hour.

overtide

A harmonic tida (or tidal current) constituent with a speed that is an exact multiple of the speed of one
of thefundamental congtituents derived from the devel opment of the tide-producing force. The presence
of overtidesis usudly attributed to shallow water conditions. The overtides usualy considered in tidal
work are the harmonics of the principal lunar and solar semi diurna constituents M, and S,, and are
designated by the symbolsM,,, Mg, Mg, S,, S, etc. The magnitudes of these harmonics relative to those
of the fundamental congtituents are usually greater in thetida current than in the tide.

P

p
Rate of change (as of January 1, 1900) in mean longitude of lunar
perigee. p =0.004,641,83" per solar hour.

P1
Rate of change (as of January 1, 1900) in mean longitude of solar

perigee. p, = 0.000,001,96° per solar hour.

Py
Solar diurna congtituent. See K. Speed = 14.958,931,4° per solar hour.

paralld plateintake

Intake of a gilling or protective well with two parale plates attached below. The plates are typicaly
three times the diameter of the well and are spaced three inches gpart. The plates are used to minimize
current-induced draw-down (Bernoulli effect) error in water level measurements.

perigean tidesor tidal currents
Tidesof increased range or tidal currents of increased speed occurring monthly asthe result of the Moon
being in perigee. The perigean range (Pn) of tide is the average range occurring at the time of perigean
tides and is most conveniently computed from the harmonic constants. It is larger than the mean range
wherethetype of tideiseither semi diurna or mixed, and is of no practical significance where the type
of tideis predominantly diurnal.

perigee

The point in the orbit of the Moon or man-made satellite nearest to the Earth. The point in the orbit of
a satellite nearest to its companion body.
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perihdion
The point in the orbit of the Earth (or other planet, etc.) nearest to the Sun.

period

Interval required for the completion of arecurring event, such astherevolution of acelestial body or the
time between two consecutive like phases of the tide or tida current. A period may be expressed in A
angular measure and is then taken as 360°. The word aso is used to express any specified duration of
time.

phase

(2) Any recurring aspect of a periodic phenomenon, such as new Moon, high water, flood strength, etc.
(2) A particular ingtant of aperiodic function expressed in angular measure and reckoned from the time
of itsmaximum value, the entire period of thefunction being taken as360°. The maximum and minimum
of a harmonic constituent have phase values of 0° and 180°, respectively.

phaseinequality

Variationsinthetidesor tidal currents due to changesin the phase of the Moon. At the times of new and
full Moon the tide-producing forces of the Moon and Sun act in conjunction, causing the range of tide
and speed of the tidal current to be greater than the average, the tides at these times being known as
spring tides. At thetimes of the quadratures of the Moon these forces are opposed to each other, causing
neap tides with diminished range and current speed.

PORTS™

Physical Oceanographic Rea Time System. A system of current, water level, and meteorological stations
telemeteringtheir datato acentral location for storage, processing, and dissemination. Availabletopilots,
mariners, the U.S. Coast Guard, and other marine interests in voice or digital red-time form. First
introduced in Tampa Bay.

potential, tide-producing

Tendency for particles on the Earth to change their positions as a. result of the gravitationa interactions
between the Sun, Moon, and Earth. Although the gravitational attraction varies inversaly as the square
of the distance of the tide producing body, the resulting potentia varies inversely as the cube of the
distance.

pressur e sensor

A pressuretransducer sensing devicefor water level measurement. A relative transducer isvented to the
atmosphere and pressure readings are made relative to atmospheric pressure. An absolute transducer
measuresthe pressure at itslocation. The readings are then corrected for barometric pressure taken at the
surface.

primary control tide station

A tide station at which continuous observations have been made over aminimum of 19 years. Itspurpose
isto provide datafor computing accepted values of the harmonic and non harmonic constants essentid
to tide predictions and to the determination of tidal datums for charting and for coasta and marine
boundaries. The data series from this station serves as a primary control for the reduction of relatively
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short series from subordinate tide sations through the method of comparison of simultaneous
observations and for monitoring long-period sealeve trends and variations. See tide station, secondary
control tide station, tertiary tide station, and subordinate tide station (1).

protective well

A vertica pipe with arelatively large opening (intake) in the bottom. It is used with the air acoustic
ranging sensor and e ectronic processing (filtering) technique to minimize the nonlinear characteristics
of the stilling well. Its purpose is aso to shield the sensing dement from physica damage and harsh
environment. Unlike astilling well, damping of high frequency wavesisnot acritica requirement. See
stilling well.

Q

Q
Larger lunar dlipticdiurna constituent. SeeM,. Speed = 13.398,660,9° per solar hour.2Q; Lunar dliptic

diurnal, second order, congtituent. Speed = 12.854,286,2° per solar hour.

guadrature of Moon
Position of the Moon when its longitude differs by 90 deg from the longitude of the Sun. The
corresponding phases are known asfirst quarter and last quarter.

R

R,
Smaller solar dliptic congtituent. This congtituent, with ;,, modulates the amplitude and frequency of S,
for the effect of variation in the Earth's orbital speed duetoitseliptica orbit. Speed=30.041,066,7° per
solar hour.

radiational tide

Periodic variationsin sealevel primarily related to meteorol ogical changes such asthe semidaily (solar)
cycle in barometric pressure, daily (solar) land and sea breezes, and seasona (annua) changes in
temperature. Other changesin sealeve due to meteorologica changesthat are random in phase are not
considered radiation Al tides.

rangeof tide

The difference in height between consecutive high and low waters. The mean range isthe differencein
height between mean high water and mean low water. The great diurna range or diurnal range is the
difference in height between mean higher high water and mean lower low water. For other ranges see
spring, neap, perigean, apogean, and tropic tides; and tropic ranges.
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real-time
Pertainsto adata collecting system that controls an on-going process and deliversits outputs (or controls
itsinputs) not later than the time when these are needed for effective control.

red tide (water)

The term applied to toxic algal blooms caused by severa genera of dinoflagellates (Gymnodinium and
Gonyaulax) which turnthe seared and arefrequently associated with adeteriorationinwater quality. The
color occurs as aresult of the reaction of ared pigment, peridinin, to light during photosynthesis. These
toxic adgal blooms pose a serious threat to marine life and are potentialy harmful to humans. Theterm
has no connection with astronomic tides. However, its association with the word "tide" isfrom popular
observations of its movements with tidal currents in estuarine waters.

reduction of tidesor tidal currents
A processing of observed tide or tidal current data to obtain mean values for tidal or tidal current
constants.

reference gation

A tide or current station for which independent daily predictions are given in the "Tide Tables' and
"Tidal Current Tables," and from which corresponding predictions are obtained for subordinate stations
by means of differences and ratios. See subordinate tide station (2) and subordinate current station (2).

relative mean sea level change

A local changein mean sealevd relativeto anetwork of bench marks established in themost stableand
permanent material available (bedrock, if possible) on the land adjacent to the tide station location. A
change in relative mean sea level may be composed of both an absolute mean sea level change
component and a vertical land movement change component, together.

river current

The gravity-induced seaward flow of fresh water originating from the drainage basin of ariver. In the
fresh water portion of theriver below head of tide, theriver current isalternately increased and decreased
by the effect of thetida current. After entering atidal estuary, river current is the depth averaged mean
flow through any cross-section and findly, into the ocean. See head of tide and estuary.

S

S
Rate of change (as of January 1, 1900) in mean longitude of Moon. s= 0.549,016,53° per solar hour.

S
Solar diurna congtituent. Speed = 15.000,000,0° per solar hour.
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S,
Principa solar semi diurna constituent. This constituent representsthe rotation of the Earth with respect

to the Sun. Speed = 30.000,000,0° per solar hour.

Si S

Shallow water overtides of the principa solar constituent.
Speed of S, = 60.000,000,0° per solar hour.
Speed of S;=90.000,000,0° per solar hour.

Sa

Solar annua congtituent. This congtituent, with Ssa, accounts for the nonuniform changes in the Sun's
declination and distance. In actudity, they mostly reflect yearly meteorological variationsinfluencing sea
level. Speed = 0.041,068,64° per solar hour.

Ssa
Solar semiannual congtituent. See Sa. Speed = 0.082,137,3° per solar hour.

slinity ()

Thetota amount of solid material in grams contained in 1 kilogram of seawater when al the carbonate
has been converted to oxide, the bromine and iodine replaced by chlorine, and al organic matter
completely oxidized. S(°*/oo) = 1.806,55 x Cl ("/o0) Where Cl(°/00) is chlorinity in parts per thousand.
See chlorinity.

secondary control tide station

A tide station at which continuous observations have been made over aminimum period of 1 year but
lessthan 19 years. The seriesis reduced by comparison with simultaneous observations from aprimary
control tide station. This station provides for a 365-day harmonic analysis including the seasonal
fluctuation of sealevel. Seetide gtation, primary control tide station, tertiary tide station, and subordinate
tide station (1).

secular trend
See gpparent secular trend as preferred term.

seiche

A sationary wave usualy caused by strong winds and/or changes in barometric pressure. It isfound in
lakes, semi enclosed bodies of water, and in areas of the open ocean. The period of a seiche in an
enclosed rectangular body of water is usually represented by the formula:

Period (T) =2L / .gd

inwhich L isthe length, d the average depth of the body of water, and g the acceleration of gravity. See
standing wave.

sEamic sea wave
Same as tsunami.
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semidiurnal
Having a period or cycle of gpproximately one-haf of a tidd day. The predominant type of tide
throughout the world is semi diurnal, with two high waters and two low waters each tidal day. Thetidal
current issaid to be semi diurnal when there are two flood and two ebb periods each day. A semi diurnal
constituent has two maximaand two minimaeach constituent day, and its symbol isthe subscript 2. See
type of tide.

semidiurnal tide
A tidewith two high and two low watersin atida day with comparatively little diurnd tide inequdity.

sequence of tide
The order in which the four tides of a day occur, with specia reference as to whether the higher high
water immediately precedes or follows the lower low water.

shallow water congtituent

A short-period harmonic term introduced into the formula of tida (or tida current) constituentsto take
account of the changein theform of atide wave resulting from shallow water conditions. Shallow water
congtituents include the overtides and compound tides.

shallow water wave

A waveisclassified asashdlow water wave whenever theratio of the depth (the vertica distance of the
still water level from the bottom) to the wave length (the horizonta distance between crests) islessthan
0.04. Such waves propagate according to the formula

C=.d

where C isthe wave speed, g the acceleration of gravity, and d the depth. Tidd waves are shalow water
waves.

shordine (coastling)

Theintersection of the land with the water surface. The shoreline shown on charts representsthe line of
contact between the land and a selected water elevation. In areas affected by tidal fluctuations, thisline
of contact isthe mean high water line. In confined coastal waters of diminished tida influence, the mean
water level line may be used. The shordineis defined as MHW.

Sdereal day

Thetime of therotation of the Earth with respect to the vernal equinox. It equalsapproximately 0.997,27
of amean solar day. Because of the precession of the equinoxes, the Sidereal day thus defined isdightly
lessthan the period of rotation with respect to thefixed stars, but the differenceislessthan the hundredth
part of a second.

small diurnal range (9)
Difference in height between mean lower high water and mean higher low water.

small tropic range ()
Differencein height between tropic lower high water and tropic higher low water.
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solar day

The period of the rotation of the Earth with respect to the Sun. The mean solar day is the time of the
rotation with respect to the mean Sun. The solar day commencing at midnight iscalled acivil or caendar
day, but if the day is reckoned from noon it is known as an astronomica day because of its former use
in astronomical calculation.

Solar tide
(2) The part of thetide that is due to the tide-producing force of the Sun. (2) The observed tide in areas
wherethe solar tideisdominant. Thiscondition providesfor phase repetition at about the ssmetimeeach
solar day.

olstices

The two points in the ecliptic where the Sun reaches its maximum and minimum declinations; aso the
times when the Sun reaches these points. The maximum north declination occurs on or near June 21,
marking the beginning of summer in the Northern Hemisphere and the beginning of winter in the
Southern. The maximum south declination occurs on or near December 22, marking the beginning of
winter in the Northern Hemisphere and the beginning of summer in the Southern.

soldtitial tides
Tides occurring near the times of the solstices. The tropic range may be expected to be especidly large
a thesetimes.

Species of condtituent
A classification depending upon the period of a constituent. The principa species are semidiurnal,
diurnal, and long-period.

spring high water
Same as mean high water springs (MHWS). See spring tides.

spring low water
Same as mean low water springs (MLWS). See spring tides and mean low water springs.

spring range (Sg)
See spring tides.

goring tidesor tidal currents

Tides of increased range or tidal currents of increased speed occurring semimonthly as the result of the
Moon being new or full. The spring range (Sg) of tideisthe average range occurring at thetime of spring
tides and is most conveniently computed from the harmonic constants. It islarger than the mean range
where the type of tideiseither semi diurna or mixed, and is of no practical significance where the type
of tideispredominantly diurnal. The average height of the high waters of the spring tidesiscalled spring
high water or mean high water springs (MHWS) and the average height of the corresponding low waters
is called spring low water or mean low water springs (MLWS).
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sand of tide

Sometimes caled aplatform tide. An interval at high or low water when thereis no sensible changein
the height of the tide. The water levd is stationary at high and low water for only an instant, but the
changein level near thesetimesis so dow that it is not usualy perceptible. In generd, the duration of
the apparent stand will depend upon the range of tide, being longer for a small range than for a large
range, but where there is a tendency for a double tide the stand may last for several hours even with a
large range of tide.

dationary wave theory

An assumption that the basic tidal movement in the open ocean consists of a system of stationary wave
oscillations, any progressive wave movement being of secondary importance except asthetide advances
into tributary waters. The continental masses divide the sea into irregular basins, which, athough not
completely enclosed, are capable of sustaining oscillations which are more or less independent. The
tide-producing force consists principally of two parts, asemi diurnal force with a period approximately
the half-day and adiurna force with a period of awhole day. Insofar asthe free period of oscillation of
any part of the ocean, as determined by its dimensions and depth, isin accord with the semi-diurnal or
diurnal tide-producingforces, therewill bebuilt up corresponding oscill ations of considerable amplitude
which will be manifested intheriseand fall of thetide. Thediurna oscillations, superimposed upon the
semi diurnal oscillations, cause the inequditiesin the heights of the two high and the two low waters of
each day. Although the tida movement as a whole is somewhat complicated by the overlapping of
oscillating aress, the theory is consistent with observationa data

gilling well

A vertica pipe with ardatively small opening (intake) in the bottom. It is used in a gauge installation
to dampen short period surface waves while freely admitting the tide, other long period waves, and sea
level variations; which can then be measured by atide gauge senor insde. Seefloat well and protective
wdll.

gorm surge

Thelocal changein the elevation of the ocean a ong ashore dueto astorm. The storm surgeis measured
by subtracting the astronomic tidal elevation from thetotal elevation. It typically hasaduration of afew
hours. Since wind generated wavesride ontop of the storm surge (and are not included in the definition),
the tota instantaneous elevation may greatly exceed the predicted storm surge plus astronomic tide. It
is potentially catastrophic, especidly on low lying coasts with gently doping offshore topography. See
storm tide.

gorm tide
Asused by the National Weather Service, NOAA, the sum of the storm surge and astronomic tide. See
storm surge.

submerged lands
Lands covered by water a any stage of the tide. Seetidelands.
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subordinate tide station

(2) A tide station from which a relatively short series of observations is reduced by comparison with
simultaneous observations from a tide station with a relatively long series of observations. See tide
station, primary control tide station, secondary control tide station, and tertiary tide station. (2) A station
listed in the Tide Tables from which predictions are to be obtained by means of differences and ratios
applied to the full predictions at a reference station. See reference station.

T

T
Rate of change of hour angle of mean Sun at place of observation. T = 15° per mean solar hour.

LE
Larger solar dliptic constituent. See R,
Speed = 29.958,933,3° per solar hour.

telemetry
The capability of transmitting or retrieving dataover long distance communication links, such assatellite
or telephone.

terdiurnal
Having three periodsin a constituent day. The symbol of aterdiurna constituent is the subscript 3.

tertiary tide gation

A tide station at which continuous observations have been made over aminimum period of 30 days but
lessthan 1 year. The seriesis reduced by comparison with simultaneous observations from a secondary
control tide station. Thisstation providesfor a29-day harmonic analysis. Seetide station, primary control
tide station, secondary control tide station, and subordinate tide station (1).

tidal bench mark description
A published, concise description of the location, stamped number or designation, date established, and
elevation (referred to atida datum) of a specific bench mark.

tidal characterigtics
Principaly, those features relating to the time, range, and type of tide.

tidal constants

Tida relations that remain practically constant for any particular locality. Tidal constants are classified
as harmonic and non harmonic. The harmonic constants consist of the amplitudes and epochs of the
harmonic congtituents, and the non harmonic constantsinclude the ranges and interval s derived directly
from the high and low water observations.
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tidal datum
See datum.

Tidal day
Thetime of the rotation of the earth with respect to the moon, approximately 24 hours and 50 minutes.
Same as lunar day.

tidal difference

Differencein time or height between ahigh or low water at a subordinate station and areference station
for which predictionsare given in the Tide Tables. The difference, when applied according to sgnto the
prediction at the reference station, gives the corresponding time or height for the subordinate station.

tidal epoch
See National Tida Datum Epoch and epoch.

tidal estuary
See estuary.

tidal range
The difference in height between consecutive high and low (or higher high and lower low) waters.

tidal wave

A shdlow water wave caused by the gravitationd interactions between the Sun, Moon, and Earth.
Essentidly, high water is the crest of a tida wave and low water, the trough. Tida current is the
horizontal component of the particulate motion, whiletideis manifested by the vertical component. The
observed tide and tidal current can be considered the result of the combination of severd tida waves,
each of which may vary from nearly pure progressive to nearly pure standing and with differing periods,
heights, phase relationships, and direction.

tidal zoning

The practice of dividing ahydrographic survey areainto discrete zones or sections, each one possessing
similar tidal characteristics. One set of tide reducersis assigned to each zone. Tide reducers are used to
adjust the soundingsin that zone to chart datum (MLLW). Tida zoning is necessary in order to correct
for differing water level heights occurring throughout the survey areaat any giventime. Each zone of the
survey areaisgeographicaly ddineated such that the differencesin time and range do not exceed certain
limits, generdly 0.2 hours and 0.2 feet respectively; however, these limits are subject to change
depending upon type of survey, location, and tidal characterigtics. Thetide reducersare derived fromthe
water levelsrecorded at an appropriate tide station, usualy nearby. Tide reducers are used to correct the
soundings throughout the hydrographic survey areato a common, uniform, uninterrupted chart datum.
Seetide reducers.

tide

The periodic riseand fall of thewater resulting from gravitational interactions between Sun, Moon, and
Earth. The vertica component of the particulate motion of atidal wave. Although the accompanying
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horizontal movement of the water is part of the same phenomenon, it is preferable to designate this
motion astida current. See tidd wave.

tidecurve

A graphic representation of the rise and fdl of the tide in which time is usudly represented by the
abscissa and height by the ordinate. For a semidiurnal tide with little diurnd inequdity, the graphic
representation approximates a cosine curve. See marigram.

tide (water level) gauge

An instrument for measuring the rise and fall of the tide (water level). See ADR gauge, automatic tide
gauge, Next Generation Water Level Measurement System, gas purged pressure gauge, electric tape
gauge, pressure gauge, and tide staff.

tide-producing force

That part of the gravitational attraction of the Moon and Sun which iseffectivein producing thetideson
the Earth. The force varies approximately asthe mass of the attracting body and inversaly as the cube of
its distance. The tide-producing force exerted by the Sunis alittle less than one-half as great as that of
theMoon. A mathematical development of the vertical and horizontal components of thetide-producing
forces of the Moon and Sun will be found in Coast and Geodetic Survey Specia Publication No. 98.

tidereducers

Height correctionsfor reducing soundingsto chart datum (MLLW). A tide reducer representsthe height
of thewater level at agiven place and timerelative to chart datum. Tide reducers are obtained from one
or more tide stations within or nearby the survey area. Often, due to differing tidal characteristics over
the survey area, thetide reducers obtained directly from atide station must be corrected to adjust for time
and range of tide differencesin the various zones of the hydrographic survey area. Seetidal zoning.

tide saff

A tide gauge consisting of avertical graduated staff from whichthe height of thetide can beread directly.
Itiscaled afixed taff when secured in place so that it cannot be easily removed. A portable staff isone
that isdesigned for remova from the water when not in use. For such a staff afixed support is provided
The support has ameta stop secured to it so that the staff will ways have the same elevation when
installed for use. See eectric tape gauge.

tide (water leve) station

The geographiclocation at which tidal observationsare conducted. Also, thefacilitiesused to maketidal
observations. These may include atide house, tide gauge, tide staff, and tidal bench marks. See primary
control tide station, secondary control tide station, tertiary tide station, and subordinate tide station (1).

Tide Tables

Tableswhich give daily predictions of the times and heights of high and low waters. These predictions
are usudly supplemented by tidal differences and constants through which predictions can be obtained
for numerous other locations.
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tideands
The zone between the mean high water and mean low water lines. It isidenticad with intertida zone
(technical definition) when the type of tide is semi diurnd or diurnal.

tidewater

Water activated by the tide generating forces and/or water affected by the resulting tide, especidly in
coastal and estuarine areas. Also, agenera term often gpplied to the land and water of estuarine areas
formed by postglacia drowning of coastal plain rivers.

time, kinds

Timeis measured by the rotation of the Earth with respect to some point in the celestial sphere and may
be designated as Sidered, solar, or lunar, according to whether the measurement istaken in reference to
the vernal equinox, the Sun, or the Moon. Solar time may be apparent or mean, according to whether the
reference is to the actua Sun or the mean Sun. Mean solar time may be local or standard, according to
whether it is based upon the trangit of the Sun over theloca meridian or aselected meridian adopted as
a standard over a considerable area. Greenwich time is standard time based upon the meridian of
Greenwich. In civil time the day commences at midnight, while in astronomical time, as used prior to
1925, the beginning of the day was reckoned from noon of the civil day of the same date. The name
universa timeis now applied to Greenwich mean civil time.

timemeridian
A meridian used as areference for time.

tractiveforce
The horizontal component of atide producing force vector (directed paralle with level surfaces at that
geographic location).

trangt
The passage of a cdestid body over a specified meridian. The passage is designated as upper transit or
lower trangt according to whether it isover that part of the meridian lying above or below the polar axis.

tropic inequalities

Tropic high water inequality (HWQ) is the average difference between the two high waters of the day
a thetimesof tropictides. Tropiclow water inequaity (LWQ) isthe average difference between thetwo
low waters of the day at the times of tropic tides. These terms are applicable only when the type of tide
issemi diurna or mixed. See tropic tides.

tropicintervals

Tropic higher high water interva (TcHHWI) isthelunitida interval pertaining to the higher high waters
a the time of the tropic tides. Tropic lower low water interval (TcLLWI) is the lunitidd interval
pertaining to the lower low waters at the time of the tropic tides. Tropic intervals are marked a when
reference is made to the upper transit of the Moon &t its north declination or to the lower trangit & the
time of south declination, and are marked b when the reference is to the lower transit a the north
declination or to the upper trangit at the south declination. See tropic tides.
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tropic ranges

The great tropic range (Go), or tropic range, isthe differencein height between tropic higher high water
and tropic lower low water. The small tropic range (Sc) isthe difference in height between tropic lower
high water and tropic higher low water. The mean tropic range (Mc) isthe mean between thegreat tropic
and the small tropic range. Tropic ranges are most conveniently computed from the harmonic constants.
Seetropic tides.

tropictides

Tides occurring semimonthly when the effect of the Moon's maximum declination is greatest. At these
times there is atendency for an increase in the diurnal range. Thetida datums pertaining to the tropic
tides are designated as tropic higher high water (TcCHHW), tropic lower high water (TcLHW), tropic
higher low water (TcHLW), and tropic lower low water (TcLLW).

tropical year
The average period of the revolution of the Earth around the Sun with respect to the verna equinox. Its
length isapproximately 365.242,2 days. Thetropica year determinesthe cycle of changesin the seasons,
and isthe unit to which the calendar year is adjusted through the occasional introduction of the extraday
on leap years.

trough
The lowest point in a propagating or standing wave. See low water and tidal wave.

tsunami
A shdlow water progressive wave, potentialy catastrophic, caused by an underwater earthquake or
volcano.

typeof tide

A classification based on characteristic forms of atide curve. Qualitatively, when the two high waters
and two low waters of each tidal day are gpproximately equal in height, thetideissaid to be semidiurnal;
whenthereisareatively large diurnal inequality in the high or low watersor both, it issaid to be mixed,
and when there is only one high water and one low water in each tidal day, it is said to be diurnd.
Quantitatively (after Dietrich), wheretheratio of K, + O, toM, + S, islessthan 0.25, thetideis classified
assemidiurna; wheretheratioisfrom 0.25to 1.5, thetideis mixed, mainly semidiurnal; wheretheratio
isfrom 1.5 to 3.0, the tide is mixed, mainly diurnal; and where greater than 3.0, diurnal.

U

universal time (UT)
Same as Greenwich mean time (GMT).
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uplands

Land above the mean high water line (shoreline) and subject to private ownership, asdistinguished from
tidelands, the ownership of which is primafacie in the state but also subject to divestment under state
statutes. See tidelands.

\
vanishing tide

In a predominantly mixed tide with very large diurna inequality, the lower high water (or higher low
water) becomes indistinct (or vanishes) at times of extreme declinations.

W

wave height
The vertical distance between crest and trough. See range of tide.

Z

Z,
Symbol recommended by the International Hydrographic Organi zation to represent the el evation of mean
sealevel above chart datum.
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Appendix A: Chronology of Significant Eventsin the Analysis of Tidesand Tidal Datums
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Table Al. Chronology of Significant Events:

1807 — The Survey of the Coast established.

1830 — Tide predictions for United States began.
Published in The American Almanac. High
water time predictions (one per day) for
Boston, New Y ork, and Charleston. Time
differences for 96 other stations. Spring range
predictions for 84 stations.

1836 — The Survey of the Coast became Coast
Survey.

1844 — Tide notes (including lunitida intervals) on
nautical charts began.

1853 — Tables for obtaining tide predictions by the
nonharmonic lunitidal interval method first
published in the appendix to the Annual
Report.

1864 — Lagt year of tablesfor lunitidal interval
method. One thousand copies provided to
Union naval forces.

1867 — Firgt Tide Tables published.

1868 — Low water predictions began for west coast of
Florida and Pacific coast.

1878 — Coast Survey became Coast and Geodetic
Survey.

1885 — William Ferrd’s Maxima and Minima Tide
Predictor introduced.

1887 — Low water predictions included for dl
detions.

1890 — Tidal current predictions began (New Y ork
Harbor and vicinity).

1896 — Extension of tablesto include numerous ports
throughout the world.

1912 — Harris-Fischer Tide Predicting Machine
introduced.

1914 — Last year Ferrd’s Maximaand Minima Tide
Predictor used.

1923 — Tidal Current Tablesfirst published separately
from Tide Tables (two volumes, Atlantic Coast
and Pacific Coast, North America).

1928 — Single port miniature tables introduced.

1932 — Last year of Sngle port miniature tables
(revived from 1940 through 1944 for New
Y ork Harbor and vicinity only).

1940 — Specid redtricted tables for war effort began.

1951 — Last year of pecial wartime and occupation
tables.

1955 — Specid Tide Tablesfor sdlected placesin
Greenland, Canada, and Alaska began.

1959 — Tide predictions added to Smdll Craft Chart
sries.

A3

1961 — Motor drive and automatic readout installed on
Harris-Fischer machine.
— Lagt year of pecia Tide Tablesfor selected
placesin Greenland, Canada, and Alaska
1965 — Last year Harris-Fischer Tide Predicting
Machine used.
— Analog-to-digita recorder (ADR) tide gauges
and computer processing introduced.
1966 — Electronic digital computer introduced for
predictions.
1967 — Egablished Estuarine Flushing and Nontidal
Current Prediction Service.
— International Symposium on Mean Sea Levd,
IAPO and UNESCO.
— Electronic digital computer introduced for
harmonic anaysis of tides.
1970 — Coast and Geodetic Survey became National
Ocean Survey.
1973 — Egtablished National Tidal Datum Epoch.
— Telemetered water level measurements
introduced for Grest Lakes.
1977 — Gulf Coast Low Water Datum adopted.
1978 — Water Leve Telemetry System introduced for

marine coads.

1980 — Nationd Tida Datum Convention of 1980
adopted.

1982 — Nationa Ocean Survey became National
Ocean Sarvice.

— Personal computer software introduced for
local user accessto water level telemetry
getions.

1987 — Tida Circulation and Water Level Forecast
Atlas introduced.

— Operational RADS current meter system
introduced.

1988 — International Conference on Tidal
Hydrodynamics.

— Personal computer software introduced for
local user accessto current telemetry stations.

— Operational NGWLMS fidd units introduced
using an air acoudtic ranging sensor and
satellite telemetry.

1995 — Operationd NGWLMSfidd units become
dandard. Last year ADR gauges used.

1996 — NGWLMS Data processing and analyss
system becomes operationdl.

1997 — Internet and Web access implemented for
products.
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